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Abstract
This thesis provides an insight into the designing, physical realization and characteri-
zation of optical transformation devices. It begins with an introduction to the discrete
coordinate transformation with a design example of a carpet cloak. The realization and
characterization of materials, namely a dielectric disk matrix and polyurethane/BaTiO3
foam composite, for constructing transformation optics devices are studied both numer-
ically and experimentally.
Two different kinds of low loss and broadband all-dielectric realisations of OT devices
are designed and experimentally demonstrated. First, the cloaking structure made of
a high-ǫ dielectric-loaded foam mixture is reported. A polyurethane foam, mixed with
different ratios of barium titanate is used to produce the required range of permittivities,
and the invisibility cloak is demonstrated to work for all incident angles, over a wide
range of microwave frequencies. Then, based on a study on the properties of periodic
dielectric particles, the cloak, realized with periodic dielectric cylinders, is proposed. The
required dielectric map for the cloak is achieved by means of manipulating the dimen-
sions, or spatial density, of the periodically distributed dielectric cylinders embedded in
the host medium, whose permittivity is close to one. The scattering reduction effects
are verified through both simulation and experimental results. The performances of the
two different kinds of cloak are also compared quantitatively. Last, but not least, an
extraordinary-transmission (ET) device made from commercially available ceramics and
Teflon is designed, which exhibits broadband transmission through a sub-wavelength
aperture. It is verified both numerically and experimentally that the device can provide
transmission with a -3 dB bandwidth of more than 1 GHz, in a region which would oth-
erwise be a stop band caused by the sub-wavelength aperture in an X-band waveguide.
i
Acknowledgments
Firstly, I would like to express the deepest gratitude to my supervisor Prof. Yang Hao
for his guidance, encouragement, support and creative ideas throughout my Ph.D. study.
His interests, passion and responsibility for the research and work deeply impressed me
and will benefit me for the rest of my research life. I am also very grateful to Prof. Clive
Parini and Dr. Robert Donnan for their valuable suggestions and positive comments on
my research.
My special thanks to Dr. Rhiannon Mitchell-Thomas, Dr. Khalid Z. Rajab and Dr.
Efthymios Kallos for their help during the research. They are all very knowledgeable
and enthusiastic about science, and I had a great pleasure to work with them. I would
like to thank Dr. Rhiannon Mitchell-Thomas and Dr. Robert Foster for reading my
thesis and suggestions on revision, and thank Ms. Wenxuan Tang and Dr. Christos
Argyropoulos for help in academic discussion and experimental measurement.
Thanks then goes to Mr. John Dupuy, our antenna technician, for his efficient aid with
the experiment setup, sample fabrication and measurement. Thanks also to Mr. Yongzhe
Piao and Dr. Shoufeng Yang in the material department for the sample fabrication.
I acknowledge the CSC for the financial support during my Ph.D. study. Thanks to my
great colleagues Ms. Tuba Yilmaz, Ms. Alice Pellegrini, Ms. Khaleda Du, Ms. Min
Zhou, Ms. Sheng Wang, Mr. Paolo Turati, Mr. Alessio Brizzi, Mr. Jiefu Zhang, Mr.
Yifeng Fan, Dr. Bin Yang, Dr. Anestis Katsounaros, Dr. George Palikaras and all the
rest for a great office atmosphere during my Ph.D study in the antenna group.
Above all, I would like to thank my parents and my brother for their love and support.
Finally, I would like to thank my husband Zhenyu for his support and encouragement.
ii
List of Publications
Poster Award
1. Di Bao and Y. Hao, ”Design and Applications of Optical Transformation Devices”,
Second Prize in the Microwave Metamaterials and their applications Poster Com-
petition, Feb 2012.
Journal Papers
1. Di Bao, E. Kallos, W. Tang, C. Argyropoulos, Y. Hao, and T. Cui; “A broadband
simplified free space cloak realized by nonmagnetic dielectric cylinders”, Frontiers
of Physics in China, 2010.
2. Di Bao, K. Z. Rajab, W. Tang, and Y. Hao;“Experimental demonstration of
broadband transmission through subwavelength aperture”, Applied Physics Let-
ters, vol. 97, p. 134105, 2010.
3. Khalid Z. Rajab, Yang Hao, Di Bao, Clive G. Parini, Javier Vazquez, and Mike
Philippakis; “Stability of active magnetoinductive metamaterials”, Journal of Applied
Physics, Vol. 108, p. 054904, 2010.
4. Di Bao, Khalid Z Rajab, Yang Hao1, Efthymios Kallos, Wenxuan Tang, Christos
iii
Argyropoulos, Yongzhe Piao and Shoufeng Yang; “All-dielectric invisibility cloaks
made of BaTiO3-loaded polyurethane foam”, New Journal of Physics, Vol. 13,
October 2011.
5. Di Bao, Rhiannon Mitchell-Thomas, Khalid Z. Rajab and Yang Hao; “Quantita-
tive Study of Two Experimental Demonstrations of a Carpet Cloak”, submitted to
IEEE Antennas and Wireless Propagation Letters, 2012.
Conference Papers
1. Di Bao, Argyropoulos C., Kallos E., and Yang Hao; “Properties and applications
of periodic dielectric particles as tunable-index materials”,Antennas & Propagation
Conference, 2009. LAPC 2009. Loughborough, UK.
2. Di Bao, E. Kallos, C. Argyropoulos, and Y. Hao; “Bandwidth performance of
a simplified cloak realized by non-magnetic dielectric cylinders”, in the Fourth
European Conference on Antennas and Propagation (EuCAP). IEEE, 2010.
3. Di Bao, Wenxuan Tang, Khalid Z. Rajab, Yang Hao; “Dielectric Device for Broad-
band Extraordinary Transmission in a Waveguide Using Transformation Electro-
magnetics”, In Electromagnetics Research Symposium (PIERS), Suzhou, 2011.
4. Di Bao, Khalid Z. Rajab, Wenxuan Tang, Yang Hao; “Broadband extraordinary
transmission device realized with dielectrics”, in the 5th European Conference on
Antennas and Propagation (EUCAP), 2011.
5. Di Bao, Wenxuan Tang, Christos Argyropoulos, Efthymios Kallos and Yang Hao;
“Experimental Verification of Carpet Cloak Realized with Dielectric Cylinders”,
in IEEE International Symposium Antennas and Propagation (APSURSI), 2011 .
6. Di Bao, Khalid Z Rajab, Wenxuan Tang and Yang Hao; “Experimental Demon-
iv
stration of Carpet Cloak Realized with BaTiO3-loaded Polyurethane Foam”, in
the 6th European Conference on Antennas and Propagation (EUCAP), 2012.
7. Di Bao, Yang Hao, Khalid Rajab, Wenxuan Tang; “Experimental Demonstration
of Two Kinds of Carpet Cloak”, in Advanced Electromagnetics Symposium (AES),
2012.
8. Khalid Z. Rajab, Yang Hao, Di Bao, Clive Parini, Javier Vazquez, Mike Philip-
pakis, Simon Wilmot, and Robert Pearson, “Broadband active magnetic materi-
als”, in Antennas and Propagation Society International Symposium (APSURSI),
2010
9. Khalid.Z. Rajab, Yifeng Fan, Di Bao, A. Rahman, Yang Hao; “Active circuits for
improved metamaterial performance”, International Workshop on Antenna Tech-
nology (iWAT), 2011.
10. Wenxuan TANG, Christos Argyropoulos, Kallos E., Di Bao,Wei Song and Yang
Hao, “Flat devices design for antenna systems using coordinate transformation,
2010 IEEE International Symposium on Antennas and Propagation, Toronto, Canada,
July 2010.
v
Table of Contents
Abstract i
Acknowledgments ii
List of Publications iii
Table of Contents vi
List of Figures ix
List of Tables xix
1 Introduction 1
1.1 Statement of the Problem . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Organization of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Contributions of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . 4
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2 Transformation Optics 7
2.1 History of Transformation Optics . . . . . . . . . . . . . . . . . . . . . . . 8
2.2 Development of Transformation Optics . . . . . . . . . . . . . . . . . . . . 10
2.3 Theory of Transformation Optics . . . . . . . . . . . . . . . . . . . . . . . 12
2.3.1 Form invariance under transformation . . . . . . . . . . . . . . . . 13
vi
2.3.2 Discrete coordinate transformation of a carpet cloak . . . . . . . . 16
2.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3 Optical Transformation Materials 29
3.1 Materials Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.2 Gradient Index Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.2.1 Artificial materials . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.2.2 Metamaterials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.2.3 Effective Medium Approximations . . . . . . . . . . . . . . . . . . 41
3.3 Properties of Periodic Dielectric Particles . . . . . . . . . . . . . . . . . . 43
3.3.1 The Equivalent Lumped Circuit Model of Dielectric Cylinders . . 44
3.3.2 Properties of Dielectric Cylinders . . . . . . . . . . . . . . . . . . . 45
3.3.3 Application of dielectric cylinders . . . . . . . . . . . . . . . . . . . 51
3.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4 Optical Transformation Materials Characterization 58
4.1 Measurement Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.1.1 Resonant methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.1.2 Non-resonant methods . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.2 Measurement of dielectric cylinders . . . . . . . . . . . . . . . . . . . . . . 67
4.3 Properties of BaTiO3-loaded polyurethane foam . . . . . . . . . . . . . . . 71
4.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
5 Experimental Demonstrations of the Carpet Cloak 81
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
5.2 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
vii
5.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
5.2.2 Experimental technique . . . . . . . . . . . . . . . . . . . . . . . . 84
5.3 Cloak design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
5.4 Carpet cloak realized with BaTiO3-loaded polyurethane foam . . . . . . . 93
5.4.1 Cloak fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
5.4.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . 95
5.5 Cloak realized by dielectric cylinders with different height . . . . . . . . . 101
5.6 Cloak realized by an array of dielectric cylinders with different densities . 112
5.6.1 Experiment realization of the carpet cloak . . . . . . . . . . . . . . 112
5.7 Quantitative study of the two cloaks . . . . . . . . . . . . . . . . . . . . . 117
5.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
6 Super Transmission Through a Sub-wavelength Aperture 128
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
6.2 The scheme to enhance the transmission . . . . . . . . . . . . . . . . . . . 132
6.3 Design of the ET Device . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
6.4 Measurement of the ET Device . . . . . . . . . . . . . . . . . . . . . . . . 135
6.5 The performance of the ET device in free space . . . . . . . . . . . . . . . 140
6.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
7 Conclusions and Future Work 147
7.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
7.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
Appendix A BaTiO3-loaded Polyurethane Foam Preparation 153
viii
List of Figures
2.1 General relativity predicts the gravitational bending of light by massive
bodies [3] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2 Published items on transformation optics since 2006 [4] . . . . . . . . . . 9
2.3 (a) A three-dimensional (3D) cross section of rays striking the object with
the cloak [11]. (b) A Gaussian beam incident on the black hole [13]. (c)
The electric-field distributions and power-flow lines in the computational
domain for a heart-shaped concentrator. The incident plane waves prop-
agate from the left to the right [14]. . . . . . . . . . . . . . . . . . . . . . 11
2.4 (a) The virtual domain with Cartesian coordinates. (b) The physical
domain with distorted coordinates and transformed quasi-conformal grid. 17
2.5 A schematic diagram of the angle parameter θ in the physical domain . . 20
2.6 Relative permittivity map in physical domain for cloaking a triangular
shaped perturbation placed over the ground plane. . . . . . . . . . . . . . 21
2.7 θ of the carpet cloak with (a) the distribution in each degree and (b)
map distribution of θ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.8 Map distribution of anisotropy Map α of the carpet cloak . . . . . . . . . 25
3.1 Materials in the ε− µ domain. . . . . . . . . . . . . . . . . . . . . . . . . 31
3.2 Frequency response of dielectric mechanisms [1] . . . . . . . . . . . . . . 32
3.3 Artificial dielectrics lens made of metallic elements . . . . . . . . . . . . . 34
ix
3.4 Rectangular lattice printed holey plate Luneburg lens [18] . . . . . . . . . 35
3.5 (a) Schematic diagram of a fabricated carpet cloak showing the different
regions, where C1 is the gradient index cloak and C2 is a uniform index
background. (b) Scanning electron microscope image of a fabricated car-
pet cloak. [19] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.6 (a) A variety of FSS elements [20] (b)Photo of woodpile structure [21] . . 37
3.7 A scheme of the 3 dimensional wire medium [8]. . . . . . . . . . . . . . . . 39
3.8 The permittivity ǫ and the permeability µ with both real and imaginary
parts retrieved from simulation (lines) and experimental data (points) [49] 41
3.9 Electromagnetic wave incident on particles arranged in a cubic lattice [51]. 42
3.10 (a) The dielectric disc. (b) The equivalent lumped circuit model of the
dielectric disc. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.11 (a) The periodic dielectric disc matrix in planar waveguide. (b) The elec-
tric field distribution in an air-loaded planar waveguide. (c) The electric
field distribution in an dielectric matrix loaded planar waveguide. . . . . 45
3.12 (a) The electric field distribution alone y axis in free space (red line)
and dielectric disc matrix (blue line). (b) The FFT of the electric field
distribution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.13 (a) Calculated effective refractive index using the FFT and the S-parameter
retrieval methods for cylinder arrays with different spatial periods at 5
GHz. p is the period in x and y axis, while the period in z axis is 5 mm.
(b) Calculated effective refractive index of the cylinder array using the
FFT method at different frequencies and a period of 5 mm (c) The nor-
malized electric field distribution in the vicinity of a 2.2 mm-tall dielectric
cylinder at the off resonant frequency of 5 GHz. (d) Calculated effective
refractive index as a function of frequency using the S-parameter method
and a period of 5 mm, for different cylinder heights. . . . . . . . . . . . . 48
x
3.14 The effective index index value for dielectric cylinders with different period.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.15 The effective refractive index calculated by FFT method and parameter
retrieval method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.16 The effective refractive index calculated from the FFT method and the
S-parameter retrieval method . . . . . . . . . . . . . . . . . . . . . . . . . 52
4.1 Material measurement techniques covering different frequency ranges and
material loss [6]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.2 A scheme of the parallel plate method, and the sample is illustrated by
the gray region. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
4.3 (a) Illustration of coaxial probe method. (b) Photograph of coaxial 7 mm
transmission line with samples. [16] . . . . . . . . . . . . . . . . . . . . . 63
4.4 Photograph of free space measurement system [23]. . . . . . . . . . . . . 66
4.5 cylinders placed periodically in wave guide (a) one layer (b) two layers . 68
4.6 Measured phase of air, foam, and one layer cylinders in the waveguide. . . 69
4.7 calculated ǫ value of the periodic cylinders from measurement and simu-
lated data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
4.8 Photo of pure PU foam, BaTiO3/PU porous composites with BaTiO3
volume 3.68% and 9.79% respectively, in order of from left to right [27] . . 73
4.9 Measured permittivity value of polyurethane with 1.33% BaTiO3 composites 74
4.10 (a) Measured relative permittivity versus BaTiO3 volume fraction of the
BaTiO3/polyurethane composite, at 1 MHz and 10 GHz. Measured points
are plotted and compared with the MaxwellCGarnett (···) and Bruggeman
(- - -) effective medium relationships for three-phase mixtures. (b) Mea-
sured loss tangent versus BaTiO3 volume fraction of the BaTiO3/polyurethane
composite, at 1 MHz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
4.11 SEM image of bottom surface of polyurethane/BaTiO3 composites [27] . . 76
xi
5.1 The photos of the planar waveguide which is consisting of an upper and
a lower aluminum plate made from aluminum sheet (a) with the upper
plate and (b) without the upper plate. . . . . . . . . . . . . . . . . . . . . 85
5.2 (a) A photo of the probe which is placed near the line of holes. (b) A photo
of the source: a fixed open ended X band waveguide fed by a coaxial cable. 87
5.3 A photo of the Agilent 8510C Vector Network Analyzer, which provides
both the source signal and detection of the return signal. . . . . . . . . . . 88
5.4 Signal block of the near field scanner system. . . . . . . . . . . . . . . . . 89
5.5 A plot of the magnitude response without a sample in both sides of the
strip. The upper semi-circle shows the side with the excitation, and the
lower semi-circle is in the side below the reflection, which exhibit no exci-
tation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.6 The phase distribution of the ground plane at 8 GHz from (a) simulation
and (b) experiment. The grey line in (b) illustrates the extremities of the
near field scanning system. The gap areas could not be measured due to
the physical dimensions of the probe. Colourbar units: degree. . . . . . . 91
5.7 The relative permittivity maps for cloaking the perturbation over a ground
plane with high resolution sampled map. [14]. . . . . . . . . . . . . . . . . 92
5.8 The perturbation is an aluminium triangle of height 16mm and base 144
mm. At the base of the triangle is a metal boundary. The dielectric 2D
map of the 4×2 blocks is shown. The dielectric blocks are rectangles of
dimension 34.25×30mm2. . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
5.9 Top view of the cloak. The blocks with the same number have the same
refractive index value. n1 = 1.08, n2 = 1.14, n3 = 1.21. . . . . . . . . . . . 93
5.10 The fabricated BaTiO3 cloak. In practice, a metallic ground plane is
located at the base of the triangular perturbation, while the entire struc-
ture is enclosed within parallel metallic plates. . . . . . . . . . . . . . . . 95
xii
5.11 Simulated cloaking performance (decibel scale). The performance of the
cloak has been tested with full-wave simulations at 4GHz (a-c) and 9GHz
(d-f). The normalised electric field (solid line) is shown with the pertur-
bation only (a,d) and with the cloaked perturbation (b,e). The dashed
line in both cases represents the empty system (no perturbation). To
highlight the variations between the cases, the area between the curves
has been shaded. It is evident that the structure is successful in cloaking
the perturbation. 2D electric field plots are also shown of the cloaked
perturbation (c,f), where again it is evident that there is little distortion
to the incident electromagnetic waves. . . . . . . . . . . . . . . . . . . . . 96
5.12 Measured electric fields. The electric fields measured in the nearfield scan-
ning system are shown. Due to the setup of the scanning system, a semi-
circular region in which the perturbation and cloak are placed cannot
be scanned and is left blank. (a) The empty system (no perturbation or
cloak), showing only the incident wave reflecting off of the metallic ground
plane. (b) The perturbation resting on the ground plane. (c) The cloaked
perturbation. Strong scattering is evident with the perturbation. The
cloak significantly reduces the scattering due to the perturbation, with
the resulting field distribution similar to that of the perturbation-free sys-
tem. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
xiii
5.13 Measured cloaking performance at 7 and 9 GHz (decibel scale). The
performance of the fabricated cloaking structure was tested using the
described system. The performance at the lower operating frequency
range of the nearfield scanning system is shown here. The normalized
electric fields are plotted at 7 GHz (a, b) and 9 GHz (c, d). Scattering
with the perturbation (solid) is compared with that in the empty system
(dashed) in (a, c), where in both cases the differences are shaded, and
the effects of the perturbation are clearly evident. Similarly, in (b, d)
the cloaked perturbation (solid) is compared with the empty system, with
significant improvement over the uncloaked case, over almost the entire
range of incident angles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
5.14 Measured cloaking performance at 11 and 12 GHz (decibel scale). The
performance of the fabricated cloaking structure at the higher operating
frequency range of the near-field scanning system is shown here. The
normalized electric fields are plotted at 11 GHz (a, b) and 12 GHz (c,
d). Scattering with the perturbation (solid) is compared with that in
the empty system (dashed) in (a, c), where in both cases the differences
are shaded, and again the effects of the perturbation are clearly evident.
Similarly, in (b, d) the cloaked perturbation (solid) is compared with the
empty system. Again, there is significant improvement over the uncloaked
case over a large range of incident angles. However, at oblique incidences
below about 45◦, the cloak does not significantly improve performance as
compared to the uncloaked perturbation. . . . . . . . . . . . . . . . . . . 100
5.15 (a) Top view of the cloak. The blocks with the same number have the
same parameters. n1=1.08, n2=1.14, n3=1.01, n4=1.21. (b) Perspective
view of the metallic object and the cover of cylinder arrays. The lattice
period is 5 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
xiv
5.16 The relative refractive index values for the four heights to realize the
carpet cloak. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
5.17 Simulation results of the cloaking device at 5 GHz when (a) a plane wave
is incident on the ground plane (b) a plane wave is incident on the metallic
object placed on the ground plane and (c) a plane wave incident on the
object covered with the structure of Fig. 4. (d) Detail field distribution
of the covered object. The black curves indicate the locations where the
field is recorded shown in Fig 5.18. . . . . . . . . . . . . . . . . . . . . . . 105
5.18 Angular distribution of the scattered field energy, as recorded along the
black curves shown in Fig. 5.17. . . . . . . . . . . . . . . . . . . . . . . . . 106
5.19 Simulation results of the scattering reduction device when (a)a plane wave
incident on the object covered with the array of cylinders at 4 GHz. (b)
a plane wave incident on the object covered with the array of cylinders at
6 GHz. (c) a plane wave incident on the object covered with the array of
cylinders at 8 GHz. (d) a plane wave incident on the object covered with
the array of cylinders at 10 GHz. . . . . . . . . . . . . . . . . . . . . . . . 107
5.20 Simulation results of the structure embedded in free space at 5 GHz. (a)
Plane wave incident on the bare diamond-shaped metallic object. (b)
Plane wave incident on the object covered with the array of cylinders (c)
Plane wave incident on a metallic line. . . . . . . . . . . . . . . . . . . . . 108
5.21 Electric field distribution of the scattered field recorded at the end of the
simulation area at 5 GHz. . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
5.22 Plane wave incident on the bare diamond-shaped metallic object at (a) 4
GHz (c) 6GHz and (e) 10 GHz. Plane wave incident on the object covered
with the array of cylinders at (b) 4 GHz (d) 6 GHz and (f) 10 GHz. . . . 110
5.23 Electric field distribution of the scattered field recorded at the end of the
simulation area at 4, 6, 8 and 10 GHz . . . . . . . . . . . . . . . . . . . . 111
xv
5.24 Calculated effective refractive index as a function of frequency for different
cylinder densities. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
5.25 A photograph of the carpet cloak made up of DDM. . . . . . . . . . . . . 113
5.26 (a) simulated field distribution of ground plane (b) measured field dis-
tribution of ground plane (c) simulated field distribution of ground plane
with the perturbation (d) measured field distribution of ground plane with
the perturbation (e) simulated field distribution of the non-meta cloak (e)
measured field distribution of the non-meta cloak. All at 8 GHz. . . . . . 114
5.27 measured field distribution of the cloak at (a) 7 GHz and (b) 9 GHz. . . . 115
5.28 Simulated angular E field distribution at 9 GHz for (a) perturbation (b)
cloak. Measured angular E field distribution at 9 GHz for (c) perturbation
(d) cloak. Blue dashed line: GND, orange solid line: perturbation, green
solid line: cloak . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
5.29 Simulated results of the ground plane, perturbation, DDM cloak and foam
cloak at 8 GHz. The plot shows the correlation between the ground and
each of the labeled distributions. . . . . . . . . . . . . . . . . . . . . . . . 118
5.30 Measured results of the ground plane, perturbation, DDM cloak and foam
cloak at 8 GHz. The plot shows the correlation between the ground and
each of the labeled distributions. . . . . . . . . . . . . . . . . . . . . . . . 120
5.31 Ray tracing diagrams of a ray with incident angle of θi to (a) A PEC
ground plane in free space (b) A perfect anisotropic cloak between z = 0
and z = δd (c) Replace the anisotropic cloak with isotropic medium. [22] 121
5.32 Field distribution on a half circle with r=19 mm from (a) simulation, (b)
experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
5.33 The simulated average ρ between the ground and each of the labeled from
2 to 13 GHz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
xvi
6.1 (a) A standard dielectric with n > 1 cover over an aperture where the
rays are refracted away from the central point.
(b) A metamaterial slab with refractive index very close to zero cover over
the aperture and the rays are refracted in a direction close to the normal.
(c) Experimental setup for electromagnetic tunneling through an epsilon-
near-zero (ENZ) Metamaterial. Lower figure is the sample inside chamber.
(d) Poynting vector distribution in the ENZ tunneling, revealing the squeez-
ing of the waves through the narrow channel.[1, 2] . . . . . . . . . . . . . 129
6.2 (a) Components of the permittivity and permeability tensors θ for the
waveguide taper based on coordinate transformation.
(b) Normalized E-field distribution for TE polarization in the waveguide
taper. [10] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
6.3 (a) The space in the Cartesian coordinates.
(b) The space in the virtual distorted coordinates.
(c) The equivalent relative permittivity map of the distorted space. The
green line outlines the profile of the ET device. . . . . . . . . . . . . . . . 133
6.4 (a) The relative permittivity map of the high-resolution ET device.
(b) The relative permittivity map of the simplified ET device . . . . . . . 135
6.5 (a) A photograph of the proposed ET device. The four blocks marked [1,
2, 3, 4] in the photo are made from Teflon, ECCOSTOCK r HIK 500F
with K = 3, ROGERS TMM4 and ECCOSTOCK r HIK 500F with
K = 6, with the permittivity values of [2.1, 3, 4.5, 6] and the dimensions
of [20× 15, 15× 8, 10× 8, 8× 7] mm2 respectively.
(b) A plot of the ǫ values for each blocks. . . . . . . . . . . . . . . . . . . 136
xvii
6.6 (a) Metallic plate with a subwavelength aperture used in the experiement.
The aperture has dimensions of 10.16 × 8× 0.25mm3.
(b) The configuration of the ET device (blue and red blocks) and its
arrangement in the waveguide (grey area). The two yellow sheets in the
middle are part of the metallic plate to introduce the aperture. . . . . . . 137
6.7 The measured and simulated results for subwavelength transmission and
ET devices. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
6.8 The magnitude of electric field distribution from simulation at 8 GHz in
(a) an empty waveguide,
(b) a waveguide loaded with an aperture,
(c) a waveguide loaded with an aperture and an ET device,
(d) a waveguide loaded with an aperture and a modified ET device with
WG width. The wave is incident from the left. . . . . . . . . . . . . . . . 140
6.9 The magnitude of electric field distribution from simulation at 8 GHz of
The incident plane wave illuminates a PEC plate with
(a) an 8 mm wide aperture.
(b) a 60 mm wide aperture.
(c) one ET device above the 8 mm wide aperture.
(d) a pair of the ET devices at both sides of the 8 mm wide aperture. . . 141
6.10 The radiation pattern recorded at the semicircle 3λ0 away from the center
of the aperture. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
6.11 The bandwidth performance of the ET device. Amplification at the line
112 mm (3λ0) away from the PEC plate. The amplitude of the electric field
is added up and normalized at each frequency by that of the transmitted
electric field through the sub-wavelength aperture. . . . . . . . . . . . . . 144
1.1 The fabrication procedure for the BT/PU composite . . . . . . . . . . . . 154
1.2 photo of the aluminium frame mould . . . . . . . . . . . . . . . . . . . . . 155
xviii
List of Tables
5.1 Maximum difference (a.u.) over an angular range between the reference
(empty system) and the perturbation (uncloaked and cloaked). A moving
average is performed over a waveform (the distance between two peaks),
and the maximum over 0− 45◦ and 45− 90◦ is given below. . . . . . . . . 98
5.2 The effective refractive index values of the dielectric cylinders compared
with the desired parameters . . . . . . . . . . . . . . . . . . . . . . . . . . 104
7.1 Typical relative dielectric permittivities (RDPs) of common geological
materials [16] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
xix
Chapter 1
Introduction
1.1 Statement of the Problem
This thesis presents the methodology for the design, physical construction, and numeri-
cal and experimental test of transformation optics (TO), or optical transformation (OT)
devices. The motivation behind this work is to contribute to an understanding of the
physical implementation and performance of TO devices, and to compare different real-
ization methods.
Transformation optics, which has received intensive interest since 2006, provides the
framework to manipulate electromagnetic fields by modifying the material properties of
a structure. The application of transformation optics to the burgeoning field of metama-
terials [1, 2] has led to a number of novel applications, most notable among them being
the recent pioneering work on the development of invisibility cloaks and many other
fascinating applications [3–5]. The published items cited by SCI had reached 1,619 by
Feb, 2012 [6]. In practice, advances in computational electromagnetics theory coupled to
significant enhancements in computational processing power have enabled the numerical
analysis and confirmation of the properties of these structures [7]. OT can control the
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propagation of electromagnetic waves (including light) by filling the space with artifi-
cial media which have coordinate-dependent constitutive parameters. Early TO designs
were developed using coordinate transformation that leads to anisotropic and spatially
dispersive material properties which, in their most general form, are tensors [3, 4]. These
properties are the permittivity and permeability which, together, describe both the elec-
tric and magnetic properties. However, these kinds of materials are either not available
naturally, or have high loss and narrow bandwidths (like resonant metamaterials). It was
then discovered that under optical transformation with orthogonal meshes, many devices
without sharp boundaries can be implemented using non-magnetic, isotropic dielectrics
[8], which are commonly available in nature and are much easier to control and produce.
These all dielectric designs always contain thousands of unit cells, which make them
very difficult to realize. It was shown by Kallos et. al [9] that the spatially dispersive
dielectrics can be down-sampled to relatively few dielectric blocks, while still maintaining
the overall performance of the OT device within a required bandwidth. These kinds of
simplified devices are much easier to realize in practice.
In the realization of OT devices, gradient index materials, which have gradual varia-
tion of refractive index n with position, are essential. Most of the gradient index materials
are not available in nature and can be designed artificially using sub-wavelength particles
with metallic structures printed on dielectric slabs or just dielectrics arrays.
This route raises some important questions. How effective are the orthogonal trans-
formation and simplified transformation devices at actually manipulating the electro-
magnetic waves? Can the designed gradient index materials work properly in the OT
devices? What is the actual performance of the OT devices in practice? Only actual
fabrication and experimental demonstration can answer these questions.
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1.2 Organization of the Thesis
In Chapter 2, some basics of the theory of transformation optics are outlined, including
a history and a short proof on the principle of form invariance under coordinate transfor-
mation. It is then demonstrated that using an orthogonal transformation, it is possible
to design OT devices with all dielectric, isotropic materials which are broadband and low
loss. These kinds of materials are commonly available and easier to be controlled and
fabricated. A design example of a carpet cloak with discrete coordinate transformation
is given, and the orthogonality and isotropy are quantitatively studied.
After our investigation of OT theory and design methods, we will then turn our
attention to the physical realization of OT devices. In the fabrication of OT devices,
gradient index materials are essentially necessary. In Chapter 3, a literature review
on gradient index materials is given first. The properties of one kind of gradient index
material: dielectric disk matrix (DDM) are studied with two different methods: Fast
Fourier Transform (FFT) and S parameter retrieval methods to examine its properties.
Characterization of both gradient index materials and basic materials is very impor-
tant for the fabrication of OT devices. For this purpose, we will discuss the material
characterization techniques in the microwave region. In Chapter 4, two kinds of gradi-
ent index materials, BaTiO3-loaded polyurethane foam and a DDM are measured and
demonstrated to be low loss and broadband and, therefore, suitable to construct OT
devices.
In Chapter 5, both the loaded polyurethane foam and the DDM are used for
demonstrating the realization of simplified ground-plane cloaking schemes. In the former
method, the polyurethane foam mixed with different filling ratios of barium titanate is
used to produce the required materials with a wide range of permittivities. In the DDM
method, the required dielectric map for the cloak is achieved by means of manipulating
the dimensions or density of the periodically distributed dielectric cylinders embedded
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in a host medium with a permittivity close to one. A near field scanner system has been
designed to test the performance of carpet cloaks at all incident angles. The scattering
reduction effects of these cloaks are verified through both simulation and experiment
results, and the performance are quantitatively compared.
The most natural way to build the spatially dispersive scalar permittivity map is to
fill the map with dielectric blocks with various relative permittivity values. In Chapter
6, a simplified extraordinary-transmission device which is made from isotropic dielectric
blocks for broadband transmission through a subwavelength aperture is verified experi-
mentally. It is shown both numerically and experimentally that the device can provide
transmission with a -3 dB and a bandwidth of more than 1 GHz, in a region which
would otherwise be a stop band caused by the sub-wavelength aperture in an X-band
waveguide.
Finally, in Chapter 7, the results of the work are summarized, and future work is
discussed.
1.3 Contributions of the Thesis
The key contributions of the work presented in this thesis can be summarised as follows:
• A novel Fast Fourier Transform (FFT) method is proposed and applied to study the
properties of gradient index material; in this case a dielectric disk matrix (DDM).
The method is validated with a comparison to a traditional S-parameter retrieval
method and the two methods are shown to be in good agreement.
• Two possible candidates for the fabrication of optical transformation device are
put forward. These are BaTiO3-loaded polyurethane foam and a dielectric cylinder
matrix, for which the properties are characterized experimentally.
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• A near-field scanner system has been designed and built with a quasi-cylindrical
wave experimental scenario to test the multiple-incident angle performance of the
carpet cloak for the first time.
• The invisibility carpet cloak is physically realized with two structures: BaTiO3-
loaded polyurethane foam and dielectric cylinders. The multiple-incident angle
performance of the designs are verified both numerically and experimentally. A
method to quantitatively measure the performance of a cloaking device is outlined,
and utilised to analyse the simulated and measured carpet cloak results.
• A simplified extraordinary-transmission (ET) device based on optical transfor-
mation for broadband transmission through a subwavelength aperture is verified
through both simulation and experiment for the first time. The novelty of this
device is its simplicity. It consists of only four conventional dielectric blocks, yet
it is proven to be very effective in its role of enhancing transmission.
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Chapter 2
Transformation Optics
This chapter gives a literature review of the history and state of the art of transformation
optics. The basic theory of transformation optics is explained, including the principle of
form invariance under coordinate transformation and discrete coordinate transformation,
together with a design example of a carpet cloak.
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2.1 History of Transformation Optics
In November, 1915, Albert Einstein presented the Einstein field equations which specify
how the geometry of space and time is influenced by whatever matter is present, and form
the core of Einstein’s general theory of relativity [1]. He explained the anomalous pre-
cession of the perihelion of Mercury without any arbitrary parameters (”fudge factors”),
which are necessary in Newton’s theory. However, there was still no solid empirical
foundation for general relativity. In May 29, 1919, Eddington’s experiment confirmed
general relativity’s prediction for the deflection of starlight by the Sun during the total
solar eclipse. When Eddington’s observations were published in the next year, it was
reported globally as a major story and made Einstein and his theory instantly famous.
The general theory of relativity generalizes special relativity and Newton’s law of univer-
sal gravitation. It has passed many observational and experimental tests successfully and
is the currently accepted description of gravitation at the macroscopic/cosmological level
in modern physics. In general relativity, the matter-energy densities result in motion of
matter and light propagating in a curved space-time domain [2]. Fig. 2.1 shows that
general relativity predicts the gravitational bending of light by massive bodies and the
curved space around it.
In 1961, the idea of curved space was applied to electromagnetic systems with inho-
mogeneous fillings [5]. This is the first time that the relationship between coordinate
transformation and materials parameters was noted. Dolin’s work, together with those
of Post [6] and Lax etal. [7] built the basics of transformation optics (TO). Dolin showed
that Maxwell’s equations are form invariant under a space-deforming transformation, and
obtained the formulae for the anisotropic permeability and permittivity of the trans-
formed material. Dolin also noted that a plane wave, incident on an inhomogeneous
medium with the transformed parameter, can pass through without distortions, which
was actually an early form of invisibility cloak. Decades later, Pendry’s group’s seminal
and highly insightful works reestablished the field of TO [8, 9] in the 1990s. Chew etc.
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Figure 2.1: General relativity predicts the gravitational bending of light by massive
bodies [3]
Figure 2.2: Published items on transformation optics since 2006 [4]
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also contributed to the rediscovery [10].
However, due to the limitation of available materials to physically build the struc-
ture, the idea did not attract much attention until 2006, when the novel properties of
metamaterials inspired scientists that it is possible to mimic the curved space by building
an inhomogeneous metamaterial [11, 12]. Metamaterials have been a hot research topic
in the scientific and engineering community during the past sixteen years. The progress
in this field has been impressive, and it is capable of realizing gradient index structure
whose permittivity and permeability values may be designed to vary independently and
arbitrarily throughout a material. TO has finally attracted intensive attention since then,
with the published items and citations growing exponentially. A figure which shows how
many items on this topic were published each year is shown in Fig. 2.2.
2.2 Development of Transformation Optics
Transformation Optics builds a bridge between the electromagnetic functionality of the
device and the electromagnetic properties of the material(s) used in its fabrication. It
achieves this by transforming non-distorted free space to a distorted space and then link-
ing the spatial distortions to changes in the distributions of the material’s permittivity,
permeability, or both, for realization in a physical geometry. The route of the wave is
then decided by how the space is distorted, or, equivalently, how the material properties
vary across the geometry of the device. With this novel property, transformation optics
has led the way in the development of many kinds of designs from science fiction to
engineering practice.
The most notable among all the TO designs is the pioneering work on the development
of invisibility cloaks [11, 12]. An invisibility cloak is a structure that is designed to
electromagnetically hide a region of space from an impinging wave within a defined part
of the electromagnetic spectrum. The concept of a three-dimensional cloak is shown in
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(b)
(a)
(c)
Figure 2.3: (a) A three-dimensional (3D) cross section of rays striking the object with
the cloak [11]. (b) A Gaussian beam incident on the black hole [13]. (c) The electric-
field distributions and power-flow lines in the computational domain for a heart-shaped
concentrator. The incident plane waves propagate from the left to the right [14].
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Fig. 2.3(a), where the lines represent the path taken by rays of light. The outer shell is
the boundary of cloak and the inner sphere the cloaked region; it can be seen that the
electromagnetic rays can avoid the object in the middle and flow around it like a fluid,
returning undisturbed to their original trajectories.
In 2009, an omnidirectional absorber, forming an effective black hole, was first pro-
posed in theory based on TO; and then designed, built and tested [13, 15]. A Gaussian
beam incident on the black hole is shown in Fig. 2.3(b). The light or electromagnetic-
wave propagating in an inhomogeneous metamaterial here is very similar to the light
propagating in a curved space-time domain of general relativity. A heart-shaped con-
centrator [14] is also shown in Fig. 2.3(c).
There are also many other novel designs such as spacetime cloaks and other time-
dependent metrics [16, 17], beam manipulation [18, 19] and rotation [20], illusion optics
[21, 22], super-scatterers [23] and planar lens antennas [24, 25].
2.3 Theory of Transformation Optics
Transformation optics has been explained in a detailed way through Maxwell’s equation
in Minkowski Form [6] to compute the material properties of the transformation media
[26, 27]. In this section, a simpler method has been adopted which has been elegantly
presented by Leonhardt and Philbin [28]. This route explains why light rays (described
by Fermat’s principle) and light or electromagnetic waves (described by Helmholtz, or
wave equations for Maxwell equations) are invariant under conformal transformations.
Discrete coordinate transformation to show how to design a carpet cloak
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2.3.1 Form invariance under transformation
Maxwell’s equations are form invariant under any coordinate transformation, which
means Maxwell’s equations will preserve their form in the transformed space, while the
medium is transformed accordingly to deliver the transformation effect to the electro-
magnetic fields [5, 29]. The theory of TO is based on the principle of form invariance in
Maxwell’s equations.
In this section, the transformation of light rays is discussed in a two-dimensional
Cartesian coordinates system for simplicity. According to the modern version of Fermat’s
principle, the path taken between two points p1 and p2 by a ray of light is the optically
shortest path, which is defined as:
s =
∫
ndl =
∫ p2
p1
n
√
dx2 + dy2, (2.1)
where n is the refractive index. The optical path length s is related to the travel time t
by s = ct.
Consider a coordinate transformation from one coordinate system (x, y) to another
(x′, y′); we have :
dx′ =
∂x′
∂x
dx+
∂x′
∂y
dy, (2.2a)
dy′ =
∂y′
∂x
dx+
∂y′
∂y
dy, (2.2b)
Conformal coordinate transformation is one of the most simple coordinate transfor-
mations, and it will preserve both angles and the shapes of infinitesimally small figures,
but might not be the same dimension [30]. For simplicity, let’s take conformal coordinate
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transformation as an example; then we have:
∂x′
∂x
=
∂y′
∂y
= A, (2.3a)
∂y′
∂x
= −∂x
′
∂y
= B, (2.3b)
Substituting Eq. 2.3 into Eq. 2.2:
dx′2 + dy′2 = (A2 +B2)(dx2 + dy2), (2.4)
So, let
n′ =
n√
A2 +B2
, (2.5)
we have
s =
∫ p′
2
p′
1
n′
√
dx′2 + dy′2, (2.6)
So Fermat’s principle is invariant under conformal transformation.
Now, let’s have a discussion on waves. In a source-free, linear, isotropic, homogeneous
medium, the scalar Helmholtz equations, or wave equations for Maxwell equations in
phasor form are:
∇2E + ω2µǫE = 0, (2.7a)
∇2H + ω2µǫH = 0, (2.7b)
here ω is the frequency.
The permittivity ǫ and permeability µ are both scalars and together determine the
phase velocity, the velocity at which a fixed phase point on the wave travels, as:
vp =
1√
µǫ
=
c
n
, (2.8)
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Here, c is the speed of light in vacuum.
Eq. 2.7 can also be written as:
∇2E + ω
2
c2
n2E = 0, (2.9a)
∇2H + ω
2
c2
n2H = 0, (2.9b)
In a Cartesian coordinate system, the Laplacian ∇2 can be written as
∇2 = ∂
2
∂x2
+
∂2
∂y2
= (
∂
∂x
+ i
∂
∂y
)(
∂
∂x
− i ∂
∂y
), (2.10)
From the differential equations in Eq. 2.3, the conformal map can be obtained as
(
∂
∂x
− i ∂
∂y
) = (
∂x′
∂x
∂
∂x′
+
∂x′
∂y
∂
∂y′
− i∂x
′
∂y
∂
∂x′
− i∂y
′
∂y
∂
∂y′
)
= (A+ iB)(
∂
∂x′
− i ∂
∂y′
),
(2.11)
and, in the same way,
(
∂
∂x
+ i
∂
∂y
) = (A− iB)( ∂
∂x′
+ i
∂
∂y′
) (2.12)
The Laplacian ∇2 is transformed into
∇2 = (∂x
′
∂x
+ i
∂y′
∂x
)(
∂x′
∂x
− i∂y
′
∂x
)(
∂
∂x′
+ i
∂
∂y′
)(
∂
∂x′
− i ∂
∂y′
)
= (A+ iB)(A− iB)( ∂
2
∂x′2
+
∂2
∂y′2
)
= (A2 +B2)∇′2
(2.13)
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So, if the refractive index is transformed according to Eq.1.5, the wave equations
Eq. 2.9a can be written as:
(A2 +B2)∇′2E + (A2 +B2)ω
2
c2
n′2E = 0 (2.14)
So, we can have
∇′2E + ω
2
c2
n′2E = 0, (2.15a)
∇′2H + ω
2
c2
n′2H = 0, (2.15b)
Comparing Eq. 2.15 and Eq. 2.9, we can see that the Helmholtz equation is invari-
ant under conformal transformations as well, and therefore ’Waves are transformed in
precisely the same way as rays’ [12].
Now that these physical equations, that describe ray or wave propagation, have been
proven to remain form invariant under coordinate transformations, an application for
this outcome will be given.
2.3.2 Discrete coordinate transformation of a carpet cloak
The standard coordinate transformation method adopted in the design of transformation
devices is an analytical and continuous form of optical transformation. In this route, the
distortion between the original Cartesian coordinates and the modified coordinate system
is applied recorded using a continuous function, such as
r′ = R1 + r(R2 −R1)/R2, (2.16)
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Figure 2.4: (a) The virtual domain with Cartesian coordinates. (b) The physical domain
with distorted coordinates and transformed quasi-conformal grid.
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for the free space cloak [11], where R1 is the radius of the hidden object, the cloaking
region is within the annulus R1 < r < R2, and fields in the region r < R2 are all
compressed into the region R1 < r < R2. The refractive index, or the permittivity and
permeability are then derived from the transformation function [11, 27], and can involve
intensive mathematics. However, the continuous transformation function may be difficult
to derive for some cases, and even for cases where it can be found the resultant material
requirements are often very demanding. They necessarily include both permittivity and
permeability, which can be a complex function of position within the device, and can
possess anisotropic properties even with off-diagonal elements. These materials are very
limited in natural existence and not currently achievable using artificial metamaterials,
thus, are not really useful for any real application.
Discrete coordinate transformation [31], which can be applied to many designs with-
out sharp boundaries, is closely related to the physical design and application of TO
devices in this thesis because it can generate isotropic, all dielectric material properties
by choosing near-orthogonal grid in the distorted space. Rather than analytically calcu-
lating the required permittivity and permeability tensors as in the above method, here
both the original Cartesian coordinates (virtual domain) and the distorted coordinates
(physical domain) are discretised by a mesh. The relationship between each individual
cell in the virtual domain to its counterpart in the physical domain is used to calculated
the required constitutive parameters.
A design example of carpet cloak embedded in free space is presented in this section
to illustrate how it works.
For simplicity, a two-dimensional transformation with TE mode (E polarization) is
considered here. The virtual domain is a rectangle with the Cartesian coordinates, as
shown in Fig. 2.4 (a), bounded by 0 ≤ x ≤ 64,−120 ≤ y ≤ 120 (unit: mm), and the
physical domain with quasi-conformal grid is shown in Fig. 2.4 (b). In the physical
domain, there is a triangular shaped perturbation that we want to hide with a base of
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144 mm and a height of 16 mm. In both figures, the bottom line of the grid represents a
PEC, or the ground plane. So, the triangular region in Fig. 2.4 (b) is mapped into a line
on the ground under this coordinate transformation, and the object inside will become
invisible to the observer. The mesh is generated with the aid of the commercial software,
Pointwise.
The device is then infinite in the z direction. For TE wave, which consists of only
H ′x, H
′
y and E
′
z components, so only µ
′
xx, µ
′
yy, µ
′
xy, µ
′
yx, and ǫ
′
zz contribute.
In the physical space, the grid is generated with near-orthogonal cells such that :
∂x′
∂y
≃ 0, (2.17a)
∂y′
∂x
≃ 0, (2.17b)
then,
∂x′
∂y
=
∂x′
∂x
∂x
∂y
≃ 0, (2.18a)
∂y′
∂x
=
∂y′
∂y
∂y
∂x
≃ 0, (2.18b)
Now, we have B=0, and Eq. 2.5 can be simplified to:
n′ =
n√
A2
, (2.19)
And the averaged refractive index n′ for a TE wave [31] is defined by
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Figure 2.5: A schematic diagram of the angle parameter θ in the physical domain
n′ =
√
n′xxn′yy =
4
√
µ′xxµ′yy
√
ǫ′z, (2.20)
According to [25], under orthogonal transformation, we have µ′xy = µ
′
yx = 0 and
µ′xxµ
′
yy ≃ 1. So only ǫ′zz need to be calculated. So we can have
n′ =
√
ǫ′z, (2.21)
So,
ǫ′z = n
′2 =
n√
A2
=

 1
∂x′
∂x


2
=

 1∂y′
∂y


2
≃ 1
∂x′
∂x
∂y′
∂y
≃ △x△y△x′△y′ , (2.22)
where △x, △y, △x′ and △y′ are the corresponding dimensions of each unit cell in
the virtual and physical domains, as shown in Fig. 2.5. The relative permittivity map
for cloaking a metallic triangle, placed over the ground plane, can then be calculated
according to Eq. 2.22 and plotted in Fig. 2.6.
The condition for Eq. 2.22 is that the transformed grid in Fig. 2.4(b) is conformal.
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Figure 2.6: Relative permittivity map in physical domain for cloaking a triangular shaped
perturbation placed over the ground plane.
Since the original cells in the virtual domain of Fig. 2.4(a) have equal length for all four
sides, and right angles for all four angles, it should be the same in the physical domain.
The orthogonality of the meshes in Fig. 2.4(b) can be quantified by the left bottom
interior angle θ of the unit cell as illustrated in Fig. 2.5 [25]. It is then calculated and
plotted in Fig. 2.7. In Fig. 2.7(a), it is obvious that most of the cells are quasi-orthogonal
between 89◦ to 91◦ degree. The map distribution of θ is plotted in Fig. 2.7(b), where
only 4 cells have values of θ that are 7◦ away from 90◦. So, the orthogonality of the mesh
is pretty good.
The anisotropy factor α has been discussed in [31], however, it is related to some
other constant aspect ratio rather than variables in Fig. 2.5, which are both difficult
to understand and to calculate. Here, it will be defined in a more straightforward way.
According to [31], in the same setup as discussed in this section, the Jacobian matrix Λ
can be written as:
Λ =
∣∣∣∣∣∣∣
∂x′
∂x
∂x′
∂y
∂y′
∂x
∂y′
∂y
∣∣∣∣∣∣∣ (2.23)
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Figure 2.7: θ of the carpet cloak with (a) the distribution in each degree and (b)
map distribution of θ.
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According to Eq. 2.17, Eq. 2.24 can be simplified as:
Λ =
∣∣∣∣∣∣∣
∂x′
∂x
0
0 ∂y
′
∂y
∣∣∣∣∣∣∣ (2.24)
and the covariant metric g can be calculated as:
g = ΛTΛ, , (2.25)
In the cloaking medium, the permeability can be calculated according to:
µ′ =
∣∣∣∣∣∣∣
(∂x
′
∂x
)2√
detg
0
0
(∂y
′
∂y
)2
√
detg
∣∣∣∣∣∣∣ (2.26)
Please note that here, µ′xy = µ
′
yx = 0. So, the transverse and lognitudinal refractive
indices can be defined as
nL =
√
µ′yyǫ′z, (2.27a)
nT =
√
µ′xxǫ′z, (2.27b)
the anisotropy factor α is then defined by [31]
α = max(nT /nL, nL/nT ), (2.28)
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And it can be calculated as
α = max(
√
µ′xx√
µ′yy
,
√
µ′yy√
µ′xx
) = max(
∂x′
∂x
∂y′
∂y
,
∂y′
∂y
∂x′
∂x
), (2.29)
Since
∆x = ∆y, (2.30)
We have
α = max(∆x′/∆y′,∆y′/∆x′), (2.31)
The anisotropy factor can then be calculated and the distribution is plotted in Fig. 2.8.
The equation states that the anisotropy of the medium is increased when the cells stray
from the ideal square shape and become, i.e., rectangular, ∆x 6= ∆y. The closer the value
of α is to 1, the less impact the assumption of isotropy will have on the performance.
The map of the anisotropy factor shows that most of the cells have α values less than
1.14.
2.4 Conclusion
In summary, a carpet cloak is designed by mapping the triangular cloaked region to a
straight line on the ground. In the discrete coordinate transformation, the orthogonality
and anisotropy of the cells are good enough to generate an isotropic and all-dielectric
medium for TE waves, and the anisotropy factor, α has been defined in a much more
intuitive way. The designed cloak will be used in Chapter 5 in the physical realization
of a carpet cloak.
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Chapter 3
Optical Transformation Materials
In the fabrication of optical transformation structures, the key point is to design a
structure using materials with various refractive index values according to the position
within the structure, which are termed gradient-index or graded-index materials. The
lack of such materials in nature has led to various research on artificial materials. In
recent years, a number of methods have been proposed to construct such devices by using
metamaterials. The objective of this chapter is to provide an insight into the properties
of these artificial materials and implementation methods for the physical realization of
optical transformation devices. In Chapter 2 it has been shown that discrete orthogonal
coordinate transformation can generate all dielectric medium requirement, so the focus
of this chapter is on the dielectric properties of artificial dielectric materials.
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3.1 Materials Theory
Transformation optics provides the framework to manipulate electromagnetic fields, by
modifying the material properties of a structure. The interaction between a microscopic
material and electromagnetic fields is determined by the material’s electromagnetic prop-
erties, which can be described by the the constitutive relations:
D = ǫE = (ǫ′ − jǫ′′)E (3.1a)
B = µH = (µ′ − jµ′′)H (3.1b)
J = σE (3.1c)
where E is the electric field intensity, H is the magnetic field intensity, D is the
electric flux density, B is the magnetic flux density, J is the electric current density,
ǫ is the complex permittivity of the material, µ is the complex permeability of the
material and σ is the conductivity of the material. The relative permittivity ǫr =
ǫ′
ǫ0
(ǫ0 =
1
36π × 10−9F/m), relative permeability µr = µµ0 (µ0 = 4π× 10−7) and loss tangent
tan δ = ǫ
′′
ǫ′
are more usually used in practice. Please note that these variables are all
functions of frequency.
The constitutive parameters are related to the refractive index n by
n =
√
εrµr (3.2)
As shown in the ǫ − µ domain map in Fig. 3.1, most natural materials are non-
magnetic with µ = µ0 and ǫ larger than ǫ0 in the first domain. The materials in the first
quadrant (ε > 0 and µ > 0) can support forward propagating waves. They are called
Chapter 3. Optical Transformation Materials 31
Figure 3.1: Materials in the ε− µ domain.
right-handed materials (RHM), because the E, H and k vectors form a right-handed
triplet in such materials, where k is the wave vector. Electric plasma (ε < 0 and µ > 0,
in the second quadrant) and magnetic plasma (ε > 0 and µ < 0, in the fourth quadrant)
support evanescent waves. The third quadrant (ε < 0 and µ < 0) represents left-handed
materials (LHM), because the E, H and k vectors form a left-handed triplet. In these
material, the k vector is opposite to the Poynting vector, therefore,the phase is opposite
to the energy flow. Propagating waves in these materials are known as backward waves.
Since many materials are non-magnetic, with µr close to that of free space(i.e, unity),
we will focus on dielectric properties of non-magnetic materials in the following discus-
sion.
The real part of permittivity is a measure of the ability of the material to store
energy when an external electric field is applied, while the imaginary part of permit-
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Figure 3.2: Frequency response of dielectric mechanisms [1]
tivity describes the lossy or dissipative effect, which includes both dielectric loss and
conductivity. Fig. 3.2 displays a typical frequency response of permittivity, which is
related to four different dielectric mechanisms. Starting from low frequencies, these are:
ionic conduction (or conductivity), dipolar (or rotational) relaxation, atomic polarization
and electronic polarization. Ionic conduction is the dominant mechanism at low frequen-
cies, and influences only the loss of the medium. After a change in the applied electric
field, an ion may move from one site to another through defects in the crystal lattice
of a solid, such as PbF2 and Ag2S, and this introduces the ionic conduction. Dipolar
relaxation is the process in which the orientation of the polarization of the dipole, like
H2O, reaches equilibrium. Atomic polarization is the resonant process that the nucleus
of the atom reorients in response to the applied electric field. Electronic polarization
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occurs in a neutral atom. When the electric field is applied, the electron density will be
displaced relative to the nucleus it surrounds and an electric dipole moment is created.
In the microwave region, ionic conduction and dipolar relaxation interact strongly with
each other, while atomic and electronic polarizations are relatively weak. As the fre-
quency increases, the slower mechanisms which are introduced by particles with larger
mass can not follow the external field, so they drop off, and thus leave the lighter and
faster ones to contribute to the permittivity. For this reason, the variation of permit-
tivity in the microwave region is mainly due to dipolar relaxation, and in the infrared
region and above it is mainly caused by atomic and electronic polarization. At each
of these relaxation or resonant frequencies, ǫ′′ will correspondingly peak. The atomic
polarization explained here can be mimicked in the microwave region by the periodic
structures used to create metamaterials, which will be discussed later in this chapter.
3.2 Gradient Index Materials
Gradient index, which means gradual variation of refractive index n with position, was
first utilized in optics to realize Maxwell Fisheye Lens by J C Maxwell in 1854 [2, 3]. A
flat lens based on this idea was experimentally verified by R.W. Wood in 1905 [4]. In
the 1950s, artificial materials, such as artificial dielectrics [5], artificial magnetics [6] and
artificial plasmas [7, 8], which are now called metamaterials, were studied, and they are
both capable of building gradient index materials. In this section, the history of artificial
dielectrics is reviewed, since it is most closely related to the author’s work.
3.2.1 Artificial materials
In fact, before the concept of metamaterials was proposed, artificial materials (such as
artificial dielectrics [5], artificial magnetics [6] and artificial plasmas [7, 8]), which are
now called metamaterials, have already been studied in the 1960s. In this section, the
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Source
Figure 3.3: Artificial dielectrics lens made of metallic elements
history of artificial dielectrics is reviewed, since it is most closely related to the author’s
work.
In 1948, the physical realization of an artificial dielectric material was realized in W.
E. Kock’s pioneering work [9] by arranging metallic elements in a three-dimensional (3D)
array or lattice structure to make a dielectric lens lighter, as shown in Fig. 3.3.
In the 1950s, the physical realization of artificial materials was further developed
with the research on the Luneburg lens. Luneburg lenses (LL) [10] have been used as
a wide band, wide angular coverage multiple-beam radar antennas. In the design of LL
antennas [11–15], it is also desirable to obtain gradient index materials as the optical
transformation devices. Although most of the work stopped after the advent of phased-
array technology, there are still many structures and synthesis methods which are very
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Figure 3.4: Rectangular lattice printed holey plate Luneburg lens [18]
inspiring to metamaterials, such as grounded dielectric sheets, a bed of metal posts on
a ground plane and holey plate structures [16, 17].
The printed holey plate is a dielectric-filled, parallel holey metal plate, as shown in
Fig. 3.4. A rectangular lattice holey plate Luneburg lens is made by etching holes in the
upper metallic layer. It is capable of providing the effective refractive index neff from
nearly zero to a value approaching the square root of the dielectric between the upper
and lower metal plates. It is found from analysis that neff is in direct proportion with
diameters such as the radius of the holes, so diameters are usually changed to vary neff .
In the holey dielectric plate structure, permittivity control can be obtained by intro-
ducing fractional volume control of a dielectric plate with constant thickness, i.e. by
selective introduction of voids into the material. The concept was also adopted in recent
metamaterial work of the experimental realization of a cloak working at optical frequen-
cies [19], as shown in Fig. 3.5. The cloak is fabricated in a SOI wafer, where the Si slab
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Figure 3.5: (a) Schematic diagram of a fabricated carpet cloak showing the different
regions, where C1 is the gradient index cloak and C2 is a uniform index background. (b)
Scanning electron microscope image of a fabricated carpet cloak. [19]
serves as a 2D waveguide, which can transform the bump into a virtually flat object.
Frequency selective surface is one kind well-developed artificial material since 1960s
because of potential military applications in reducing the RCS of communication sys-
tems [22]. Fig. 3.6 (a) illustrates some kinds of FSS elements. Another interesting
example of artificial dielectrics is the photonic and electromagnetic crystals, also called
electronic bandgap (EBG) structure and high-impedance surfaces (HISs) at microwave
frequencies. While other artificial dielectric usually operates at wavelengths that are
much longer compared to the period of the unit cell, EBG structures always operate at
higher frequencies where the wavelengths are comparable to the dimension of the lattice.
EBG structures have received intensive studies since Yablonovitch [23] and John’s [24]
pioneering works in 1987, and have found numerous applications in both optical and
microwave regions [25, 26]. An example of directive millimetre-wave antenna built with
woodpile EBG structure is shown in Fig 3.6 (b).
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(a)
(b)
Figure 3.6: (a) A variety of FSS elements [20] (b)Photo of woodpile structure [21] .
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3.2.2 Metamaterials
Negative refraction and backward-wave media had been discovered theoretically as early
as 1945 [27–29], and also in the design of microwave tubes [30–32] and backward-wave
oscillators [33] in the 1950’s and 1960’s. In 1967, material with both negative permittivity
ǫ and permeability µ was analyzed theoretically by Veselago for the first time [34].
Veselago showed that in such double negative (DNG) materials, the refractive index will
also be negative. So, according to Snell’s Law:
n1sinθ1 = n2sinθ2, (3.3)
when light travels through a normal material (i.e, free space) and is incident upon a
negative index of refraction (NIR) media, it will bend in a direction opposite to the
one with a positive index material. Another property of such DNG material is that the
phase vector is in the opposite direction to the Poynting vector, or power vector, so
it will support the so-called backward-wave. Because the E, H and k vectors form a
left-handed triplet in such materials, it is also named left handed materials (LHM). Now
with the development of metamaterials, there are many kinds of structures which do not
have left-handed properties, but LHM is still the most well know metamaterials. LHM
have many novel properties, such as negative refraction, backward waves and Doppler
shifts.
Another important contribution to metamaterials, the wire medium, as shown in Fig.
3.7, was first studied in the 1960s [5, 7, 35]. It was named artificial plasma because its
permittivity behaves the same as that of a collisionless electron plasma with negative
permittivity below the plasma frequency. Thirty years later, Pendry rediscovered the
wired medium [36]. In 1999, Pendry further realized an artificial magnetic plasma, whose
permeability is negative, using split-ring resonators (SRRs) to achieve the magnetic
response [37]. In 2001, Smith et al. combined metallic wire medium and SRRs and
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Figure 3.7: A scheme of the 3 dimensional wire medium [8].
verified negative refraction experimentally for the first time [38]. LHMs have attracted
intensive attention since then [39–41], such as the exciting discovery of the perfect lens
and super lens. The transmission line (TL) approach to metamaterials was introduced
by three groups almost simultaneously in June 2002 [42–44]; this is closely related to the
1950’s backward-wave oscillator [33]. Based on the transmission line structures, a lot of
microwave components and antennas have been proposed [45].
In 2005, the gradient refractive index medium was developed by Smith et al [46] to
bend electromagnetic waves with metamaterials. Since then, the gradient index prop-
erties of metamaterials were treasured by researchers, and this led to the optical trans-
formation approach proposed by Pendry and Leonhardt in the same issue of the journal
Science [47, 48], to control the propagation of electromagnetic waves using metamate-
rials. A great number of papers have been published since then, as shown in Chapter
2.
The prefix “meta” comes from the Greek preposition and means “ beyond; tran-
scending, more comprehesive.” [26]. Metamaterials are “ artificial structures that dis-
play properties beyond those available in naturally occurring materials” [26]. Periodic
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arrays of particles, such as SRRs [37] or dielectric blocks, can be viewed as a continuous
medium, if their size is small compared to the wavelength of interest. The particles give
rise to electric and magnetic polarizations, and the structure acquires an effective perme-
ability and permittivity, which are adjustable depending on the fraction of the volume
occupied by the metamaterial particles and the exact geometry of the particles. A typi-
cal metamaterial unit cell, electric-LC (ELC) resonator, is displayed in Fig. 3.8, together
with the effective permittivity and permeability values. It can be observed that, from 10
to 16 GHz, both real and imaginary parts of ǫ are resonant in the same manner as the
atomic and electromic resonances in Fig. 3.2. Since the resonant frequency is sensitive
to the dimensions of the ELC unit, one can obtain different ǫ (and µ) values at certain
frequencies by changing the dimensions of the unit cell. In this way, the metamaterial
can gain the properties from the structure rather than the composition of the natural
materials. This provides great flexibility to create new materials, that are unavailable in
nature, with metamaterial structures.
Fig. 3.8 also shows the disadvantages of the SRR structure: the narrow bandwith of ǫ
value and the big loss near the resonant frequency. However, when operating away from
the resonant frequency, such as from 10 to 11 GHz, there is also an slow increase in the ǫ
values. Such properties have been used to design optical transformation devices for low
loss and broadband performance [50]. In this thesis, high dielectric cylinders, working
at frequencies lower than the resonant frequencies, are studied and adopted to design a
carpet cloak.
In the actual design of metamaterials, the choice of particle types depends upon the
device functions.
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Figure 3.8: The permittivity ǫ and the permeability µ with both real and imaginary
parts retrieved from simulation (lines) and experimental data (points) [49]
3.2.3 Effective Medium Approximations
Most of the artifical dielectrics are small particles embedded in a host medium, and the
pioneering work to analyze these kinds of problems was suggested by Lord Rayleigh in
1892 [52]. He considered a lattice of small scatterers (molecules modeled by spheres),
whose period was much smaller compared to the wavelength, as an equivalent continuous
medium. The electromagnetic scattering by a sphere was later described by the Mie solu-
tion [53], also called Mie scattering, the Lorenz-Mie solution, or the Lorenz-Mie-Debye
solution. Later, effective medium approximations (EMA) were developed by Maxwell
Garnett, Bruggeman and Lewin [51, 54, 55] in the early 20th century, to investigate
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Figure 3.9: Electromagnetic wave incident on particles arranged in a cubic lattice [51].
the formulae for the values of permittivity and permeability of a mixture consisting of
a homogeneous material in which subwavelength particles are embedded, as shown in
Fig. 3.9. The Maxwell Garnett (MG) formula was derived based on the study on the
color of glasses due to metal inclusions [54], and the formula can be written as [56]:
ǫeff = ǫe + 3fǫe
ǫi − ǫe
ǫi + 2ǫe − f(ǫi − ǫe) (3.4)
Chapter 3. Optical Transformation Materials 43
where ǫi is the permittivity of the subwavelength inclusions; ǫe is the permittivity of the
host media, and f is the fraction of the total volume occupied by the inclusions.
However, in MG formula, the volume fraction f of the inclusion is restricted to
relatively low value because of the assumptions imposed on the model. The Bruggeman
formula has much more freedom to vary the volume fraction between zero and one [57],
and it has been widely used in scientific research, especially in electromagnetics. The
Bruggeman formula can be written as [56]:
(1− f) ǫe − ǫeff
ǫe + 2ǫeff
+ f
ǫi − ǫeff
ǫi + 2ǫeff
= 0 (3.5)
These two equations are going to be used in the following part of the chapter. A
review of EMA methods can be found in [58, 59].
3.3 Properties of Periodic Dielectric Particles
In this section, a new FFT (Fast Fourier Transform) method is used for the first time
to extract the refractive index of dielectric cylinders and the results are compared with
a conventional S-parameter retrieval method, which is based on effective medium the-
ory [60, 61]. In the FFT method, we extract the effective refractive index by looking
at the spatial frequency components of the electric field amplitude distribution inside
the periodic structure along the wave propagation direction, while in the S-parameter
retrieval method, the refractive index and impedance can be directly calculated from the
reflection and transmission coefficients. These two methods are in good agreement and
the results indicate that, below the resonant frequency, there is a very broad bandwidth
of operation, where the effective parameters are adjustable according to the height of
the structures. Hence, this low loss and broadband structure could be used to design
optical transformation devices.
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Figure 3.10: (a) The dielectric disc. (b) The equivalent lumped circuit model of the
dielectric disc.
3.3.1 The Equivalent Lumped Circuit Model of Dielectric Cylinders
A high permittivity dielectric disc, as shown in Fig. 3.10(a), can confine the electro-
magnetic field inside the disc and works as a resonator at a certain frequency. It can
be viewed as a capacitor series-connected with an inductor, and the equivalent lumped
circuit model is shown in Fig. 3.10(b). The resonant frequency is given as:
ω =
1√
LC
, (3.6)
and
C =
ǫs
h
, (3.7)
in which ǫ is the permittivity of the dielectric disc, s is the area of the disc upper
surface with the diameter d, and h is the height of the disc. When the height, diameter,
or permittivity of the disc are varied, the resonant frequency will also vary accordingly.
When the resonant frequency is much higher than the working frequency, the unit can
be viewed as non-resonant structure, while the refractive index can still vary accordingly.
All dielectric discs mentioned here have a diameter of 3 mm and a relative permittivity
of 36.7, unless otherwise specified.
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Figure 3.11: (a) The periodic dielectric disc matrix in planar waveguide. (b) The electric
field distribution in an air-loaded planar waveguide. (c) The electric field distribution in
an dielectric matrix loaded planar waveguide.
3.3.2 Properties of Dielectric Cylinders
The dielectric cylinders of interest in this work are assumed to have a permittivity equal
to 36.7 and a radius of 1.5 mm. The specific permittivity values are chosen because
of its availability of dielectric materials, for example (Zr, Sn)T iO4 ceramics as main
ingredients. By placing the cylinders in a periodic array between two-plated waveguide
and varying their height between 0.1 mm and 3 mm with the fixed period of 5 mm in all
directions, one can obtain different effective indices with values between 1.02 and 1.49
at microwave frequencies.
We apply two different methods in order to calculate the effective refractive index,
with the aid of finite element method simulations (Ansoft HFSS). First, the FFT method
is applied to calculate the effective parameters of the structure. In the FFT method, a
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Figure 3.12: (a) The electric field distribution alone y axis in free space (red line) and
dielectric disc matrix (blue line). (b) The FFT of the electric field distribution.
periodic array of dielectric cylinders, as shown in Fig. 3.11(a), is simulated at 5 GHz to
derive the spatial frequency component of the electric field amplitude distribution inside
the array along the wave propagation direction (+y axis). The boundary conditions are
set to be perfect magnetic wall (PH), waveports, and perfect electric wall (PE) in the x,
y and z directions, respectively, to introduce TM waves incident from the left side and
mimic the dielectric disc matrix placed in an infinite planar waveguide. The cylinders
have a height equal to 1.7 mm, a radius of 1.5 mm, permittivity of 36.7, and periods
of 5 mm in the x and y direction and are floating in the host medium of air in the z
direction. The two dimensional electric field in free space is shown in Fig. 3.11 (b), and
the corresponding field distribution of the array of cylinders is shown in Fig. 3.11(c). The
magnitude of the electric field distributions along the y direction in Fig. 3.11(b) and (c)
are depicted in Fig. 3.12(a). Comparing these two cases, it is evident that the wavelength
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is compressed inside the array, which indicates that the medium has a refractive index
larger than one. In order to quantify the wavelength compression, we obtain the Fourier
Transforms of the electric field of Fig. 3.12(a) and plot them in Fig. 3.12(b). We observe
that, besides the DC component, there are strong peaks, which correspond to the spatial
frequency components. By measuring the resulting spatial frequency, the refractive index
can be evaluated as:
n ≃ fs/f0 (3.8)
where f0 is the spatial frequency of free space, fs is the spatial frequency of the cylinder
matrix, and n is effective refractive index. In this particular case, f0 ≃ 34m−1 and
fs ≃ 38.33m−1; thus, n ≃ 1.13. In order to verify these results, the S-parameter
retrieval method was also used to calculate the refractive index of different cylinders at
a frequency of 5 GHz, with the cylinders placed in a cubic lattice with a period of 5 mm.
The refractive index and impedance can be directly calculated from the reflection and
transmission coefficients assuming excitation by waveports [61].
The results using both methods to evaluate the refractive index for various setups are
shown in Fig. 3.13. The extracted effective refractive indices as a function of their height
for an array of periodic cylinders with three different lattice periods in the x− y plane,
are compared in Fig. 3.13(a), as a function of the cylinder height. This demonstrates
that an almost continuous range of indices between 1.02 and 1.49 can be obtained by
tuning parameters such as the height and the period of dielectric cylinders.
Fig. 3.13 also shows that the two methods yield similar results for a lattice period
equal to 5 mm, although the permittivity values in the FFT method are slightly higher
than those obtained with S-parameter retrieval for cylinders with larger heights, as
Fig. 3.13(a) suggests. The small discrepancy is probably caused by not considering
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Figure 3.13: (a) Calculated effective refractive index using the FFT and the S-parameter
retrieval methods for cylinder arrays with different spatial periods at 5 GHz. p is the
period in x and y axis, while the period in z axis is 5 mm. (b) Calculated effective
refractive index of the cylinder array using the FFT method at different frequencies
and a period of 5 mm (c) The normalized electric field distribution in the vicinity of a
2.2 mm-tall dielectric cylinder at the off resonant frequency of 5 GHz. (d) Calculated
effective refractive index as a function of frequency using the S-parameter method and
a period of 5 mm, for different cylinder heights.
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Figure 3.14: The effective index index value for dielectric cylinders with different period.
any coupling effects in the S-parameter retrieval method. In the rest of this section,
the design of the cylinders is based on the results obtained with the FFT method. The
difference between the curves with different periods also indicate that cylinders with
different density can also be used to construct gradient index structures.
Fig. 3.13(b) shows the broadband response of the array of cylinders around the fre-
quency of interest. The index as a function of the cylinders height is shown at different
frequencies: 4 GHz, 5 GHz, 6 GHz and 10 GHz. The maximum deviation is less than 4
% within the above frequency range for the dielectric cylinder arrays with all different
heights investigated here. This demonstrates the broadband nature of the “artificial
dielectrics” formed by discrete dielectric cylinders operating at off-resonance frequen-
cies: for example, the lowest resonant frequency of the dielectric cylinders is around
17.1 GHz, for a given height of 2.2 mm and a radius of 1.5 mm. While the resonant
modes of a cylinder produce magnetic field distributions concentrated mostly inside the
structure [62], at off-resonance frequencies, (i.e., 5 GHz), little field penetrates inside the
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high-index dielectric, as shown in Fig. 3.13(c) for a TM plane wave at normal incidence.
Furthermore, the frequency response of the refractive index evaluated using the S-
parameter method, with a lattice period of 5 mm for four different heights, is shown in
Fig. 3.13(d). We observe that, below 10 GHz, where the cylinders operate off resonance,
the effective refractive index indeed varies only slightly.
To study the sensitivity of the cylinder matrix to the period, the effective index value
of the same cylinder with the period of 5 mm and error value of ±0.5 mm is studied
and plotted in Fig. 3.14 by S-parameter method. It is seen that from 2 to 10 GHz, the
difference of the index value with the periods of 4.5 mm and 5.5 mm to the one with
the standard periodic of 5 mm is less than 0.05 in the studied frequency band, which
indicates that the performance of the dielectric matrix is robust to random variation of
the lattice period.
In order to compare the results of these two methods, we plot a group of the effective
refractive index values corresponding to varied cylinder heights in Fig. 3.15. The curves
indicate that the two methods have very good agreement. The values obtained through
the FFT method are a little larger than the S-parameter retrieval values for larger
heights, which is most likely attributed to the lack of considering coupling effects in the
S-parameter retrieval method.
According to Fig. 3.15, refractive index for the cylinders with a period of 5 mm can
be estimated from the equation as:
n ≃ 0.0307 ∗ h2 + 0.0207 ∗ h+ 1.0196 (3.9)
where n is the refraction index and h is the height of the cylinders. The estimating
equation agreed quite well with the numerical results, and it can aid the design of the
proper cylinder geometry in order to achieve a desired refractive index value.
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3.3.3 Application of dielectric cylinders
This low-loss and broadband structure could be very helpful in designing tunable and
gradient index metamaterials, such as lenses and cloaks. A simple application is shown
in Fig. 3.16. The prism in Fig. 3.16(a) is made from a solid homogeneous non-magnetic
material with a permittivity of 1.36. The prism in Fig. 3.16(b) is made from dielectric
cylinders with height of 2 mm and the same parameters mentioned earlier, resulting in
an expected effective permittivity equal to 1.37 according to Eq. 3.9. These two prisms
are both excited with a 5 GHz plane wave. The electric field distributions are shown in
Fig. 3.16 and are found to be almost identical. By comparing the wavefront before and
after passing the prisms, it can be observed that the propagating wavefronts are bent
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Figure 3.16: The effective refractive index calculated from the FFT method and the
S-parameter retrieval method
by the same angle. Hence, the periodic dielectric cylinders could be used as an effective
medium, and the FFT method proposed here is reliable.
3.4 Conclusion
The properties of periodic dielectric cylinders are studied in this chapter. Two methods,
using the Fourier Transform and S-parameter retrieval, are utilized to study the effective
parameters of the structure, with very good agreement. It is shown that below the reso-
nant frequency, the periodic array of cylinders is low-loss, broadband and has adjustable
refractive index. Hence, it is a good candidate for designing metamaterial structures.
An empirical equation is derived to describe the relationship between the height of
the cylinders and their effective refractive index. An application of light bent by a prism
is also introduced, which demonstrates the effectiveness of the FFT method and the
function of DDM arrays as an effective medium.
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Chapter 4
Optical Transformation Materials
Characterization
A literature review of material measurement methods is given at the beginning of this
chapter. In Chapter 2, it has been demonstrated that optical transformation devices
can be fabricated with all dielectric materials, so we will focus on the characterization
of dielectric materials in this chapter. Then, the properties of dielectric cylinders are
measured with a rectangular waveguide. The development and full characterization of
BaTiO3-loaded polyurethane foam for the realization of a carpet cloak, discussed in
Chapter 2, is presented at the end of the chapter. Both materials will be applied to the
design of a carpet cloak described in next chapter.
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4.1 Measurement Methods
Dielectric materials are widely used in microwave engineering as substrates, cable insula-
tors, dielectric lenses, and resonators, to give a few examples. Accurate measurements of
their properties is vitally important for the design and manufacturing processes. There
have been intensive studies of material characterization methods in the microwave region
[1–5]. Fig. 4.1 gives an overview of appropriate measurement methods covering different
frequency ranges and loss of the material under test (MUT) [6]. These techniques gen-
erally fall into either resonant or nonresonant measurement, both of which will now be
described.
Parallel
Plate
Frequency
Loss
Transmission line
Resonant Cavity
Coaxial Probe
MicrowaveRF Millimeter-wave
High
Medium
Low
Free Space
50 MHz 20 GHz 40 GHz 60 GHz5 GHz 500+ GHz5 HzDC
Figure 4.1: Material measurement techniques covering different frequency ranges and
material loss [6].
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4.1.1 Resonant methods
The resonant methods have been shown to be more accurate and sensitive than non-
resonant methods. Although limited to a narrow frequency band, resonant methods are
ideal for low loss dielectrics since most of them have very little change in the permittivity
over a broad frequency band. The dielectric resonator method and the resonant cavity
method are two main kinds of resonant methods, and a network analyzer can be used
for the frequency sweep in both methods.
For the dielectric resonator method [7], the dielectric material under test (MUT)
serves as a resonator in the testing circuit, then the resonant frequency and quality
factor of the resonator with given dimensions are determined by its permittivity, perme-
ability and loss tangent. The samples are usually low loss dielectrics whose permeability
is µ0. This method can even be applied to anisotropic materials as well with proper
identification of excited hybrid modes [8].
For the resonant cavity method, when a sample is introduced into the resonant cavity,
the dielectric properties of the sample can be derived from the changes of the resonant
frequency (f) and quality factor (Q) of the cavity. Small sized sample can usually
be measured with these methods. There are many different kinds of resonant cavity
techniques, such as perturbation cavity method [9], open cavity techniques [10, 11], and
the Fabry-Perot open resonator [12, 13].
4.1.2 Non-resonant methods
Non-resonant methods are usually broadband, and the material properties can be deduced
from the impedance Z (including resistance R, inductance L and capacitance C) and
the wave velocities in the materials. Although these methods can be used to calcu-
late the dielectric properties across a broad frequency range, they are inaccurate in the
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Figure 4.2: A scheme of the parallel plate method, and the sample is illustrated by the
gray region.
measurement of low loss materials [4].
4.1.2.1 Parallel plate
For a parallel plate capacitor, the capacitance will increase when a dielectric sample
is placed between the plates, rather than just the vacuum, because of the dielectric
material’s ability to store energy [14]. The capacitance value can be measured with LCR
meter or impedance analyzer. The permittivity can then be derived from the capacitance
value based on following equation [15]:
Cp = ǫr
Aǫ0
t
, (4.1)
Where Cp is the equivalent parallel capacitance of MUT, ǫr is the dielectric constant
of MUT, A is the area of the plate, and t is the thickness of MUT. Dissipation factor of
MUT can be directly measured from the impedance analyzer. A demonstration scheme
of the parallel plate is shown in Fig. 4.2. This method is suitable for measurement up
to 30 MHz, and will be used later this chapter to measure BaTiO3-loaded polyurethane
foam.
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4.1.2.2 Transmission Line
In transmission line methods, the properties of materials can be retrieved from the reflec-
tion (S11 and S22) and transmission (S21 and S12) coefficients, which can be measured by
a network or impedance analyzer. There are various kinds of transmission lines that can
carry the wave, such as microstrips, coaxial lines, or coaxial and rectangular waveguides.
The transmission line methods fall into two categories in general: reflection methods
(one port) and reflection/transmission methods (two ports), and are both broadband.
However, they are limited to low resolution when measuring low loss material or small
sample.
In the reflection methods, electromagnetic waves are guided to the sample under
test, and the reflected signals are related to the properties of the sample. Usually one
parameter, either permittivity or permeability can be measured by a reflection method,
and the other parameter must be know. This is particulary useful for dielectric materials,
which are non-magnetic, and therefore the permeability has a value of one. Based on
reflection types, there are two kinds of reflection methods: open-reflection method and
shorted reflection method.
The open-reflection method [17, 18] is also called coaxial probe method, and the basic
measurement configuration is shown in Fig. 4.3(a) . The MUT in this method is assumed
to be isotropic, homogeneous and non-magnetic. The sample should be thick enough and
with relatively high loss so that the boundary of the sample can not be sensed by the
probe. The coaxial probe method can be applied to liquids, semisolids (power), and very
large samples, albeit with limited ǫ′r accuracy and low loss tanδ resolution.
The shorted reflection method can be used to measure permeability, and the reflection
method can also be used to measure surface impedance. Interested readers are referred
to [19–21].
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(a)
(b)
data processing
Figure 4.3: (a) Illustration of coaxial probe method. (b) Photograph of coaxial 7 mm
transmission line with samples. [16]
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In the transmission/reflection method, the MUT is inserted into a segment of trans-
mission line as snugly as possible. This method can provide more accurate results than
reflection method. However, for coaxial transmission lines measurement as shown in
Fig. 4.3(b), it is difficult to manufacture a toroid-shaped sample. For liquids, powders
and semi-solids material, it is easier to prepare the sample for coaxial transmission line.
For rectangular waveguide, the sample is easier to machine, however, it is limited to
banded frequency coverage.
There are many different methods to process the data and retrieve the ǫ and µ values.
Here, the Nicholson-Ross-Weir (NRW) technique is given as an example [22]. This is a
fast and non-iterative method that can be applied to waveguides and coaxial lines. Given
the measured S parameter, according to
S11 =
Γ(1− T 2)
(1− Γ2T 2) (4.2a)
S21 =
T (1− Γ2)
(1− Γ2T 2) (4.2b)
where Γ is the reflection coefficient and T is the transmission coefficient. Define X
as
X =
S211 − S221 + 1
2S11
(4.3)
the reflection coefficient and the transmission coefficient can be deduced as:
Γ = X ±
√
X2 − 1 (4.4a)
T =
S11 + S21 − Γ
1− (S11 + S21)Γ (4.4b)
where |Γ1| < 1 is required to find the correct root.
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Now, the permeability and permittivity can be calculated as [22]:
εr =
λ20
µr
(
1
λ2c
− [ 1
2πL
ln(
1
T
)]2
)
(4.5a)
µr =
1 + Γ1
Λ(1− Γ)
√
1
λ2
0
− 1
λ2c
(4.5b)
where λ0 is the free space wavelength, λc is the cutoff wavelength and
1
Λ2
=
(
ǫrµr
λ20
− 1
λ2c
)
= −
(
1
2πL
ln(
1
T
)
)2
(4.6)
Please note that in Eq. 4.5, the term ln( 1
T
) is equal to j(θ + 2πn), where n =
0,±1,±2, ... is the integer of L/λg, and L is the length of the sample, λg is the wave-
length in the sample. So both equations have an infinite number of roots. There is
an ambiguity here, because when the length of the sample is increased by an integer
number of wavelength, the phase of the transmission coefficient remains the same value.
The value of n can be determined by analysis of group delay [22], or estimating from λg
using initial guess values. Let’s take the second method as an example. With the initial
guess values of ǫ∗r and µ
∗
r and Eq. 4.6, one can get:
1
Λ
= j(
γ
2π
) (4.7)
where γ = j 2π
λ0
√
ǫ∗rµ∗r − (λ0λc )2 and
Re(
1
Λ
) =
1
λg
(4.8)
The value of λg and n can now be determined by equating Eq.4.7 and Eq.4.8
An example of rectangular waveguide measurement will be applied to dielectric disk
cylinders later in this chapter.
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Figure 4.4: Photograph of free space measurement system [23].
4.1.2.3 Free space
The Free space measurement [24] can be viewed as the loosest sense of transmission line
method, where the transmission line is just the free space between two antennas, which
focus microwave energy through or at a slab of material. In this method, since the MUT
is assumed to have infinite area, it required the sample area of at least one wavelength. A
TRL (Thru-Reflection-Line) or TRM (Thru-Reflection-Match) calibration method may
be applied. Time domain gating of the network analyzer can also be used as a supplement
of the calibration. This method is most appropriate for mm-wave frequencies up to
around 100 GHz. Anisotropic properties can be measured with this method by varying
antenna polarization. As a non-contacting method, it can also be applied to investigate
temperature-dependence of material properties. The basic principle of the free space
method is the same as those of the terahertz time-domain spectroscopy (THz TDS) .
In the study of periodic structures such as metamaterials, free space is always sim-
ulated with periodic boundary condition in simulations [25, 26] of thin samples. The
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complex refractive index n and wave impedance z can then be retrieved as [26]:
n =
1
kd
cos−1[
1
2S21
(1− S211 + S221)], (4.9a)
z =
√
(1 + S11)2 − S221
(1− S11)2 − S221
, (4.9b)
where k is the wavenumber, and d is the sample length. the permittivity and perme-
ability can then be calculated from
ǫ = n/z, (4.10a)
µ = nz, (4.10b)
This method has been adopted for Chapter 3 in the study of dielectric disk matrix.
4.2 Measurement of dielectric cylinders
In Chapter 3, it has been demonstrated that a dielectric cylinder matrix can be used to
create gradient index materials for the design of optical transformation devices. In this
section, the dielectric cylinder is going to be measured to verify its permittivity value
for the design of the carpet cloak.
The sample chosen here consists of ten cylinders with a height of 2.1 mm, a radius of
1.5 mm, and a dielectric constant of 36. In the experiment, we would need to characterize
the dielectric properties first. Since the cylinders are electrically very small and, therefor
very difficult to measure with a standard method, the method of measuring the phase
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Figure 4.5: cylinders placed periodically in wave guide (a) one layer (b) two layers
shift when they are periodically positioned in a waveguide is used. An X-band waveguide
is used to measure the transmission parameters. Two different kinds of arrangement are
choosen. The first is one-layered configuration as shown in Fig. 4.5(a), sample 1. Here,
ten cylinders are placed periodically with the period of 10 mm between each cylinder in
the waveguide, where the left and right sides are the ports, and other four sides are the
metallic walls. The second is a two-layered configuration, also with the period of 10 mm
as shown in Fig. 4.5(b), sample 2. The measurement of these two samples are similar.
The analysis of sample 1 will be presented as an example.
An X-band waveguide (WG) with the size of 22.86 mm by 10.16 mm and operating
frequency range of 8.2 GHz to 12.4 GHz is used to house the samples. With a network
analyzer(PNA 5230), the transmission parameters of the empty waveguide, a waveguide
with sample 1 placed on one layer of 1 mm thick foam, and waveguide with just the foam
are measured independently. The phases of S21 are shown in Fig. 4.6. The S21 phase
of the WG loaded with air is almost the same with the one loaded with foam, which
means that the electric properties of the foam are close enough to those of air, so it is
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Figure 4.6: Measured phase of air, foam, and one layer cylinders in the waveguide.
reasonable to support the cylinders with the foam and ignore it in the data processing.
The waveguide loaded with sample 1 can be assumed to be loaded with a piece of
material with an effective dielectric constant of ǫr and dimension of 22.86 mm by 10.16
mm by 100 mm. So, the phase shift can be expressed as:
φ0 = β0d (4.11)
φs = βsd (4.12)
Here, d is the length of the sample, φ0 and φs are the phase shift in air and sample,
β0 and βs are the propagation constant in air and sample,which can also be expressed
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as:
β0 =
√
k2c − k2 (4.13)
βs =
√
k2c − ǫrk2 (4.14)
Here, kc is the cutoff frequency of the waveguide. So, we can get:
φs − φ0 = (βs − β0)d = (
√
k2c − ǫrk2 −
√
k2c − k2)d (4.15)
for which, the solution is:
ǫr =
k2c − (φs−φ0d + β0)2
k2
(4.16)
With Eq.( 4.16) and the measured data, the effective dielectric constant can be cal-
culated for sample 1. A model is setup in CST 2009 to compare with the simulation
results.
Following the same procedure, sample 2 is also processed. The results of both sample
1 and 2 are shown in Fig. 4.7. For sample 1 at the high end of the frequency band, there
is some difference between the measurement and simulation, which might be caused by
sample alignment in the experiment is not as perfect as in the simulation. But still, the
simulation and measurement are in good agreement, so the dielectric constant of the
sample in the experiment is the same as in the simulation, which is 36, and we shall use
them in the following work to physically build the carpet cloak.
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Figure 4.7: calculated ǫ value of the periodic cylinders from measurement and simulated
data
4.3 Properties of BaTiO3-loaded polyurethane foam
Common realizations of ground-plane cloaks are always formed with sub-structured com-
posites of metallo-dielectrics, metal-air or all-dielectrics of high- ǫ/low-ǫ arrays. A draw-
back of these approaches is that, with a discretized cell that is a fraction of a wavelength
in dimension, these sub-structured geometries will require micro-structuring, even at
microwave frequencies where the wavelength is comparatively long. Scattering may also
reduce the performance of the cloaks.
In this section, we report on the study of a high-ǫ dielectric-loaded foam mixture.
Polyurethane foam mixed with different weight ratios of barium titanate is used to
produce a range of permittivities. Homogeneous composites of polyurethane and ceramic
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particles are required, with strong bonding between ceramic particles and the polymer
matrix, and reasonably good mechanical properties. Polyurethane was used to create
a low-ǫ foam matrix, and BaTiO3 with the ǫ value of about 2000 was used to load
the foam in order to increase the effective permittivity while not greatly altering the
mechanical properties of the structure. The density of BaTiO3 powder is low, and the
small particle size is advantageous when used in a dispersion system and is less likely
to affect the polymer matrix structure. This results in less damage to the mechanical
properties of the composite material. Both substances exhibit low loss and low dispersion
at microwave frequencies.
Samples of the composite bulk were prepared for dielectric characterization. Due to
gravity, the ceramic particles tend to settle down in the composite. For this reason, the
samples for analysis were cut in the middle of the composite bulk to minimize the effect
of sedimentation. Knowing the weight of a sample and the weight ratio of the ceramic
powder to the polyurethane used in the composite, the weight of ceramic powder in the
cut sample could then be calculated. Further, if the density of the ceramic and the
volume of the sample were known, the volume percentage of ceramic particles in the
composite could be derived. As a result, when the permittivities of those samples were
measured, the relationship between the ceramic content and the dielectric constant of
the composite could be obtained. The mass quantity of BaTiO3 in a sample is calculated
as
mBT = ms × mB
mB +mP
(4.17)
where mBT is the mass of the BT in the sample, and mS ,mB and mP indicate the
mass of the sample, the total input mass of the BT, and the input mass of the PU,
respectively.
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Figure 4.8: Photo of pure PU foam, BaTiO3/PU porous composites with BaTiO3 volume
3.68% and 9.79% respectively, in order of from left to right [27]
A range of BaTiO3/polyurethane composites were fabricated in order to investigate
the effects of the changing BaTiO3 particle loading, and the detailed fabrication pro-
cedure can be found in Appedix A. The prepared samples are shown in Fig. 4.8. At
1 MHz, the data were obtained with an Agilent 4294A Impedance Analyser and an
Agilent 16453 parallel-plate dielectric test fixture. The capacitances for each sample
can be directly read from the impedance, and the thicknesses were measured form the
micrometer. According to Eq. 4.1, the permittivity value can then be calculated as:
ǫr =
tCp
Aǫ0
=
tCp
π(d2 )
2ǫ0
(4.18)
Here, t is the thickness of the MUT, Cp is the capacitance, A is the area of the guarded
electrode, d is the diameter of guarded electrode. Here, d = 38mm. The diameter of
the MUT should be greater than 40 mm and less than 56 mm, and the thickness of the
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Figure 4.9: Measured permittivity value of polyurethane with 1.33% BaTiO3 composites
MUT should be equal or less than 10 mm.
For characterization at 10 GHz, the samples were cut to fit an X-band waveguide.
Reflection and transmission measurements were carried out with an Agilent performance
network analyser, and dielectric properties were subsequently retrieved with the same
method in previous section. The measured results of polyurethane with 1.33% BaTiO3
composites is plotted in Fig. 4.9, which is broadband.
In Fig. 4.10(a), the relative permittivity of the composite at 1 MHz and 10 GHz is
plotted against the volume percentage of BaTiO3. It is noted that the retrieval techniques
at both 1 MHz and 10 GHz are inherently broadband (from 40 Hz to 30 MHz and from 8.2
to 12.4 GHz, respectively). The measured dielectric properties were, for our purposes,
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(a)
(b)
Figure 4.10: (a) Measured relative permittivity versus BaTiO3 volume fraction of the
BaTiO3/polyurethane composite, at 1 MHz and 10 GHz. Measured points
are plotted and compared with the MaxwellCGarnett (···) and Bruggeman (-
- -) effective medium relationships for three-phase mixtures. (b) Measured
loss tangent versus BaTiO3 volume fraction of the BaTiO3/polyurethane
composite, at 1 MHz
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Figure 4.11: SEM image of bottom surface of polyurethane/BaTiO3 composites [27]
dispersionless over each of these frequency ranges, and so those two frequency points
were selected for representation. Furthermore, as the measured permittivities at both
frequencies agree relatively well, it would imply that there is little dispersion between the
bands. It is clear that a large range of permittivity values can be attained by controlling
the volume percentage of BaTiO3. Loss tangent at 1 MHz has also been measured and
plotted in Fig. 4.10(b), which increases as the BT volume percentage (as well as relative
permittivity) increases.
The measured permittivities of the samples are shown in the inset to Fig. 4.10(a).
The measured permittivities showed very good agreement with the specified values, with
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errors of up to about 2%. A SEM images of the sample were taken as shown in Fig. 4.11,
which shows that the particles are quite small (average particle size 200 nm) and evenly
distributed.
4.4 Summary
Material characterization methods are reviewed at the beginning of the chapter. Two
kinds of variable index materials: dielectric disks matrix and BaTiO3-loaded polyurethane
foam are studied both numerically and experimentally in this chapter. It has been proven
that by changing the weight ratio of BaTiO3, materials with a range of permittivities can
be produced. These two materials are low loss, broadband and suitable for the physical
realization of the carpet cloak, and they are going to be used in the next chapter for the
design.
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Chapter 5
Experimental Demonstrations of
the Carpet Cloak
In this chapter, an invisibility carpet cloak is physically realized with two structures:
BaTiO3-loaded polyurethane foam and dielectric cylinders. In the BaTiO3-loaded
polyurethane foam design, a polyurethane foam mixed with different ratios of barium
titanate is used to produce the required range of permittivities; in the dielectric cylinders
designs, both the height and the density of the periodic cylinders are varied to obtain
the required permittivities. A near-field scanner system is also designed and built to
test the performance of the cloaks. The scattering reduction effects of the designed
cloaks are verified through both numerical simulation and experiment from multi-incident
angles. The performance of the foam cloak and varied density dielectric cylinder cloak
are compared at the end of the chapter.
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5.1 Introduction
The application of the theory of transformation optics has led the development of elec-
tromagnetic cloaks from science fiction to engineering practice [1, 2]. An invisibility
cloak is a structure that is designed to electromagnetically hide a region of space from
an impinging wave within a defined part of the electromagnetic spectrum. Theoretically,
coordinate transformations are applied to map the relevant region of space to a domain
that would in effect appear negligible, such as a point or a line. Recently, a number of
research groups have demonstrated realizations of invisibility cloaks at microwave [3–7],
terahertz [8] and optical [9–12] regions of the electromagnetic spectrum. The earlier
demonstrations were developed using transformation optics that led to anisotropic and
spatially dispersive material properties which were composed of both electric and mag-
netic tensors with metamaterial properties that are not known to occur naturally. These
metamaterials would therefore have to be created artificially using composites of sub-
structured metallo-dielectrics that would exhibit the desired properties only at a resonant
frequency. Although successful in proving the concept of the invisibility cloak, these ini-
tial realizations proved to be narrow banded and highly lossy, and certainly not ideal for
any practical application. A significant breakthrough was the theoretical description of
the so-called ground plane, or carpet cloak, in which the cloaked region was mapped to
a line on the ground plane [13]. Perhaps most importantly, it was shown that an almost
ideal version of this particular cloak can be implemented using non-magnetic, isotropic
dielectrics materials exhibiting only slight dispersion and low loss; these materials are
more commonly available in nature and are easily controlled and produced.
Although still spatially dispersive, the dielectric material would be discretized so
that a cloaked region could be segmented into a number of blocks with a finite pos-
sibility of different permittivities [14]. Realizations of these ground-plane cloaks were
soon produced and have proven to be successful in their aim of hiding a region over a
broad range of frequencies [4, 5]. However, these ground-plane cloaks, as with the earlier
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iterations of the invisibility cloak, were again formed with sub-structured composites of
metallo-dielectrics or metal-air.
In this chapter, the carpet cloak designed in Chapter 2 is physically realized with
three different kinds of all dielectric design. In these demonstrations, the lack of metal is
of particular interest due to the fact that metals are highly lossy at optical frequencies;
therefore, when scaling up from microwave frequencies, the cloaking performance should
remain the same.
5.2 Experimental setup
5.2.1 Introduction
In optical transformation and metamaterials experiment, it is vital to detect the field
distribution in and near the devices to demonstrate the performance of the sample.
So electromagnetic near field scanning techniques are developed intensively at several
locations around the world because of their capability to provide information on the
distributed nature of the underlying physical structure [15–17]. It has also been applied
to other fields, such as microelectronic test chip investigation [18, 19]. However, previous
cloaking experiments have usually used plane waves as the excitation [4, 5]. The purpose
of this is to characterize the reflected beams in order to determine whether it has been
split, or reconstructed into the original incident profile. The primary disadvantage of this
technique is that the wave vector of a plane wave is incident from only one direction,
and, therefore, the performance of the cloak is demonstrated only from that angle of
incidence.
In the experiment presented here, a quasi-cylindrical wave experimental scenario is
used to test the multiple-incident angle performance of the carpet cloak. In this near-field
scanning system, an X-band open-ended waveguide serves as the excitation source, and
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the ground plane is an aluminum strip that is located along the x-axis, at the edge of the
mapped field. Point-by-point phase-sensitive field measurements are extended to obtain
spatial field maps of optical transformation devices within a two-dimensional planar
waveguide apparatus. In these measurements, the electric field is sampled at intervals
much finer than the wavelength. In the mean time, both the amplitude and phase of the
internal fields of the samples are measured, thus providing unique information to form
an image that can be compared directly with numerical simulation.
5.2.2 Experimental technique
The field mapping apparatus that we built is similar in concept to a previously described
version [15–17]. By confining electromagnetic waves between two conducting planes, the
microwave is reduced to two dimensions, so that only the lowest transverse electromag-
netic (TEM) mode is excited.
Since the fields are almost invariant along the z-axis between the two plates, a map of
the fields at any plane within the chamber should provide an equivalent characterization
of the scattering. This equivalence is convenient, because it allows us to perform a map
of the field just above the structure, where it would be difficult to insert a probe antenna
that might alter the field pattern. In the experiment system as shown in Fig. 5.1, a
planar waveguide chamber is assembled consisting of an upper and a lower aluminum
plate made from 6mm thick aluminum. Both plates are circular with the radius of 50
cm. The upper plate is held in place using a frame built with extruded framework, which
is bolted to the upper plate. The height of the plate is adjusted using six bolts until the
top plate is parallel to the lower plate with a gap of about 16 mm. The perimeter of the
mapping area within the planar waveguide chamber is set by a ring of 6 inches pyramidal
absorber cut into roughly 15 cm thick which is fixed to the lower plate. The diameter
of the ring absorber serves to reduce reflection from the transmission waveguide and the
perimeter of the two plates.
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Figure 5.1: The photos of the planar waveguide which is consisting of an upper and a
lower aluminum plate made from aluminum sheet (a) with the upper plate
and (b) without the upper plate.
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Generally, a planar beam is excited in formal experiments to demonstrate the per-
formance of the sample [15–17]. In previous systems, a planar wave is always created
as the excitation by introducing microwaves into the chamber by an X-band waveguide
or a coaxial antenna and then adapted by a lens, horn antenna or a designed absorber
channel. But here, for the first time, a study of the all-angle performance of the sample
is possible by exciting the field with open-end waveguide, because the aperture of the
waveguide is electrically small compared to the wavelength and the distance between the
end of the waveguide to the sample.
Both the samples and the source are fixed to the lower plate so that they do not move
relative to each other during the scan. The field internal and external to the samples in
the chamber are detected by a coaxial probe antenna shown in Fig. 5.2 mounted onto the
upper plate, such that the center pin extends into the chamber for 3 mm. In practice, it
was found that with this configuration, reasonable signal-to-noise ratio can be achieved.
To achieve circular scanning, the bottom plate is attached to a computer controlled
azimuth stage motor (Antenna positioner, NO. 5109A-3, Scientific Atlanta). By inserting
the probe into different holes in one line with the step of 5 mm as shown in Fig. 5.2,
the working scan range has a radius of 38 cm, with a step of 5 mm. Higher resolution
is available up to 2.5 mm by testing others lines of holes. The VNA(Agilent 8510C),
the photo shown in Fig. 5.3 and the signal block shown in Fig. 5.4, provides the source
of microwave signal and phase sensitive detection of the return signal. An “in house”
Rocky mountain basic program coordinates the motion of the stages and scan with the
data acquisition of the VNA. The S21 data are stored in different files for different holes
that can be plotted later with the aid of Matlab.
As shown in Fig. 5.2, to test the performance of the apparatus without test sample,
an open ended X band waveguide is fed by a coaxial cable as the source. The end
of the waveguide, which has an aperture width of 22.16 mm, is 40 cm away from the
perturbation which is to be cloaked. A central aluminum strip is used as a reflector
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(a)
(b)
Figure 5.2: (a) A photo of the probe which is placed near the line of holes. (b) A photo
of the source: a fixed open ended X band waveguide fed by a coaxial cable.
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Figure 5.3: A photo of the Agilent 8510C Vector Network Analyzer, which provides both
the source signal and detection of the return signal.
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Figure 5.4: Signal block of the near field scanner system.
which is fixed firmly to the lower plate see Fig. 5.1. The response of the empty system
is shown in Fig. 5.5. Samples can be placed against the strip and have the response
measured. The field distribution at 7.5 GHz is then tested and plotted in Fig. 5.5. The
upper semi circular region shows the side with the excitation, and the lower semi-circle
is in the side below the reflection, which exhibit no excitation. In Fig. 5.5 (a), it can
be observed that in the upper semi-circle, the wave is in an evenly distributed standing
type, and the field in rear semi-circle is very weak, indicating very little leakage across
the barrier. In Fig. 5.5 (b), the phase distribution is plotted. It is obvious that when
the phase front reaches the ground plane, it is quite close to a cylindrical wave, so it is
possible to study the performance of the cloak for all incident angles.
The simulated phase distribution of the empty system (ground plane only) at 8 GHz
is shown in Fig. 5.6(a). It may be observed that at the origin, the wavefront is cylindrical
in nature, due to the fact that it is electrically far from the source, which has a small
aperture. Thus, the waveguide behaves as a quasi-point source, and all-angle perfor-
mance studies are possible. The measured phase distribution is shown in Fig. 5.6(b),
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Figure 5.5: A plot of the magnitude response without a sample in both sides of the strip.
The upper semi-circle shows the side with the excitation, and the lower semi-
circle is in the side below the reflection, which exhibit no excitation.
and includes the zones at the edges of the scanner and in proximity to the sample, at
which measurements cannot be performed. However, the measured fields match quite
well with the simulation results.
The working frequency of the apparatus is from 7 GHz to 12 GHz. Wider frequency
ranges are possible by changing the height between the two plates and the waveguide
size.
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Figure 5.6: The phase distribution of the ground plane at 8 GHz from (a) simulation
and (b) experiment. The grey line in (b) illustrates the extremities of the
near field scanning system. The gap areas could not be measured due to the
physical dimensions of the probe. Colourbar units: degree.
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Figure 5.7: The relative permittivity maps for cloaking the perturbation over a ground
plane with high resolution sampled map. [14].
Figure 5.8: The perturbation is an aluminium triangle of height 16mm and base 144
mm. At the base of the triangle is a metal boundary. The dielectric 2D map
of the 4×2 blocks is shown. The dielectric blocks are rectangles of dimension
34.25×30mm2.
5.3 Cloak design
In the theoretical work carried by Kallos et al. [14], it is shown that the spatially
dispersive dielectrics can be down-sampled to relatively few dielectric blocks, while still
maintaining the overall performance characteristics of the dielectric cloak in minimizing
the scattering signature of the object. The high resolution map in Ref. [14] is shown in
Fig. 5.7.
In this chapter, the simplified cloak in paper [14] is scaled to work in microwave fre-
quency. The permittivity map of the dielectrics is shown in Fig. 5.8, which forms a cloak
that surrounds a metallic perturbation that is to be hidden from the incident electro-
magnetic waves. The dielectric blocks are each of dimension 34.25×30 mm2 (1.14λ×1λ
at 10 GHz), with the dielectric blocks in contact with the perturbation cut appropriately,
as in the figure. The perturbation is an electrically large aluminium triangle with a base
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Figure 5.9: Top view of the cloak. The blocks with the same number have the same
refractive index value. n1 = 1.08, n2 = 1.14, n3 = 1.21.
of 144mm and a height of 16mm (b = 4.8λ and h = 0.53λ at 10 GHz). At the base of
the triangle is a metallic ground plane, and metal plates enclose the structures along the
z-axis, in order to preserve the two-dimensionality of the system. Along the xy-plane the
structures are surrounded by air. The dispersive permittivity values (ǫ < 1) are ignored
and set to be one in Fig. 5.8,
5.4 Carpet cloak realized with BaTiO3-loaded polyurethane
foam
The simplified carpet cloak in previous section contains eight blocks with four different
refractive index values: [1.08,1.14,1.01,1.21]. Here, air is adopted to mimic the blocks
with the refractive index value of 1.01, so the design is simplified into a six block version
as shown in Fig. 5.9. The blocks with the ID [1, 2, 3] have the different refractive index:
[1.08, 1.14, 1.21] respectively. The triangular-shaped object has its base placed on a
metallic plane and has a height of 16 mm, base of 144 mm, and the cloaking device
extends 137mm by 60 mm around the object.
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5.4.1 Cloak fabrication
The first stage in the realization of the cloak is the development and full character-
ization of the dielectric mixtures. The requirements for the materials are that they
exhibit low loss and low dispersion at microwave frequencies. Homogeneous compos-
ites of polyurethane and ceramic particles are required, with strong bonding between
ceramic particles and the polymer matrix, and reasonably good mechanical properties.
Additionally, composites with the requisite range of dielectric properties must be easily
fabricated on demand.
A dielectric mixture of polyurethane with high-ǫ barium titanate (BaTiO3) was found
to be suitable for this purpose. Polyurethane was used to create a low-ǫ foam matrix, and
BaTiO3 was used to load the foam in order to increase the effective permittivity while
not greatly altering the mechanical properties of the structure. The density of BaTiO3
powder is low, and the small particle size is advantageous when used in a dispersion
system and is less likely to affect the polymer matrix structure. This results in less
damage to the mechanical properties of the composite material. Both substances exhibit
low loss and low dispersion at microwave frequencies, and are thus suitable for our
requirements.
The requisite material samples were fabricated for the cloaking material. Recalling
that the refractive indexes for the four different regions are 1.01, 1.08, 1.14 and 1.21,
these correspond to relative permittivities of 1.02, 1.17, 1.30 and 1.46. The first region is
approximated by air, while polyurethane/BaTiO3 composites were fabricated for three
other higher-permittivity regions. The measured permittivities showed very good agree-
ment with the specified values, with errors of up to about 2%. The fabricated cloak is
shown in Fig. 5.10. For details of the fabrication process, see [20].
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Figure 5.10: The fabricated BaTiO3 cloak. In practice, a metallic ground plane is
located at the base of the triangular perturbation, while the entire structure
is enclosed within parallel metallic plates.
5.4.2 Results and discussion
Simulations are first used to test the performance of the cloak. A waveguide is used to
feed the incident wave, with the amplitude and phase of the fields measured throughout
the 2D plane. The wavefronts are clearly visible, with a slight diffraction due to the edges
of the waveguide. Simulations are then run with the perturbation– an electrically large
metallic object exposed and finally cloaked within the system. The simulated scattered
fields over a range of angles are shown in Fig. 5.11, at both 4 and 9 GHz. Figures 5.11(a)
and (d) compare the fields for the empty system to those of the perturbed system, with
the differences between the two cases shaded. It is evident that there is a significant
change in the scattered field due to the perturbation. In the cloaked cases, however, as
shown in figures. 5.11(b) and (e), the scattering profile is reformed to very closely match
that of the empty system. Furthermore, the 2D field amplitude plots in figures 5.11(c)
and (f) show little distortion due to the cloaked perturbation, with the wavefronts clearly
visible. This confirms the properties of the electromagnetic cloak in simulation.
The measurement setup is then used to verify the performance of the cloak. Due to
the limitations of the scanning system and specifically the use of an X-band waveguide,
the performance of the cloak could only be tested from 7 GHz (limitation due to the cutoff
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Figure 5.11: Simulated cloaking performance (decibel scale). The performance of the
cloak has been tested with full-wave simulations at 4GHz (a-c) and 9GHz
(d-f). The normalised electric field (solid line) is shown with the perturba-
tion only (a,d) and with the cloaked perturbation (b,e). The dashed line
in both cases represents the empty system (no perturbation). To highlight
the variations between the cases, the area between the curves has been
shaded. It is evident that the structure is successful in cloaking the pertur-
bation. 2D electric field plots are also shown of the cloaked perturbation
(c,f), where again it is evident that there is little distortion to the incident
electromagnetic waves.
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Figure 5.12: Measured electric fields. The electric fields measured in the nearfield scan-
ning system are shown. Due to the setup of the scanning system, a semi-
circular region in which the perturbation and cloak are placed cannot be
scanned and is left blank. (a) The empty system (no perturbation or cloak),
showing only the incident wave reflecting off of the metallic ground plane.
(b) The perturbation resting on the ground plane. (c) The cloaked per-
turbation. Strong scattering is evident with the perturbation. The cloak
significantly reduces the scattering due to the perturbation, with the result-
ing field distribution similar to that of the perturbation-free system.
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Table 5.1: Maximum difference (a.u.) over an angular range between the reference
(empty system) and the perturbation (uncloaked and cloaked). A moving
average is performed over a waveform (the distance between two peaks), and
the maximum over 0− 45◦ and 45− 90◦ is given below.
f (GHz) 0− 45◦ 45 − 90◦
Perturbation Cloak Perturbation Cloak
7 0.08 0.08 0.13 0.03
9 0.11 0.10 0.13 0.03
11 0.13 0.12 0.13 0.03
12 0.14 0.13 0.13 0.03
frequency) to 12 GHz (due to multi-mode operation). The near-field scanner is tested
first with an empty setup. The measured 2D field amplitude plot is shown in Fig. 5.12(a),
with the well formed wavefronts visible. Fig. 5.12(b) represents the measured fields when
the perturbation has been introduced. In this case, the effect on the incoming wave is
clearly evident, with scattering and diffraction leading to at least two visibly separate
paths of the reflected waves.
The goal of the cloaking material is to ’hide’ the metallic perturbation; reconstructing
the scattered waves so that they appear identical to those of the empty scanner. To
accomplish this, the dielectric materials are ordered around the object, as in Fig. 5.10.
In the measurements shown in Fig. 5.12(c), it is clear that, in contrast to the perturbed
case, the scattered fields appear less affected by the block; the two separate scattered
beams are no longer visible, and the wavefront profile appears very similar to that of the
empty scanner.
To better analyse the performance of the cloak, the fields are plotted as a func-
tion of the scattering angle at the lower half of the frequency band (7 and 9 GHz) in
Fig. 5.13 and then at the upper range of the frequency band (11 and 12 GHz) in Fig. 5.14.
Again, the perturbed and the cloaked cases are compared with the empty scanner, with
the differences in the field profiles shaded. In Fig. 5.13, the measured field profile of
the perturbation changes significantly over the range of incidences, as compared to the
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Figure 5.13: Measured cloaking performance at 7 and 9 GHz (decibel scale). The perfor-
mance of the fabricated cloaking structure was tested using the described
system. The performance at the lower operating frequency range of the
nearfield scanning system is shown here. The normalized electric fields are
plotted at 7 GHz (a, b) and 9 GHz (c, d). Scattering with the perturbation
(solid) is compared with that in the empty system (dashed) in (a, c), where
in both cases the differences are shaded, and the effects of the perturbation
are clearly evident. Similarly, in (b, d) the cloaked perturbation (solid) is
compared with the empty system, with significant improvement over the
uncloaked case, over almost the entire range of incident angles.
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Figure 5.14: Measured cloaking performance at 11 and 12 GHz (decibel scale). The
performance of the fabricated cloaking structure at the higher operating
frequency range of the near-field scanning system is shown here. The nor-
malized electric fields are plotted at 11 GHz (a, b) and 12 GHz (c, d). Scat-
tering with the perturbation (solid) is compared with that in the empty
system (dashed) in (a, c), where in both cases the differences are shaded,
and again the effects of the perturbation are clearly evident. Similarly, in
(b, d) the cloaked perturbation (solid) is compared with the empty system.
Again, there is significant improvement over the uncloaked case over a large
range of incident angles. However, at oblique incidences below about 45◦,
the cloak does not significantly improve performance as compared to the
uncloaked perturbation.
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empty scanner. However, the improvement due to the introduction of the cloak is clearly
evident. At the higher frequencies in Fig. 5.14, the cloak is again successful in recon-
structing the scattering profile of the empty scanner, although performance degrades at
more oblique incidences (θ ≈ 0 − 45◦), in common with cloaking structures presented
in other studies. We note that as the perturbation appears larger electrically at these
frequencies, the scattering it causes is more pronounced. The scattered beam at about
60◦ is particularly visible at 11 GHz, but is well hidden once the cloaking composites
are introduced, demonstrating the effectiveness of this scheme, even at higher frequen-
cies. Table. 5.1 quantifies the differences between the measured field profiles, over the
two angular ranges: 0 − 45◦ and 45 − 90◦. It is evident that while the improvement is
not significant at the oblique angles, the cloak successfully and consistently hides the
perturbation in the 45− 90◦ range and at all measured frequencies.
Furthermore, a higher-resolution discretization may be used to diminish the per-
formance reduction at the more oblique incident angles. Thus, we can conclude that
the cloaking material is successful in hiding a wavelength-sized metallic object from an
incoming electromagnetic wave. Furthermore, as these dielectrics are non-dispersive (as
confirmed by our measurements) and isotropic, this cloaking scheme works over a wide
band of frequencies, and for a range of incident angles.
5.5 Cloak realized by dielectric cylinders with different
height
In chapter 3 and 4, an investigation into dielectric cylinders was given from both simula-
tion and experiment results. It was shown that in order to vary the effective permittivity,
either the height or the period of the cylinders can be varied. In this section, the height
is varied first to design the invisible cloak. Based on the simplified ground-plane cloak-
ing design discussed in Chapter 2, a cover structure is designed to reduce scattering
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Figure 5.15: (a) Top view of the cloak. The blocks with the same number have the same
parameters. n1=1.08, n2=1.14, n3=1.01, n4=1.21. (b) Perspective view of
the metallic object and the cover of cylinder arrays. The lattice period is 5
mm.
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Figure 5.16: The relative refractive index values for the four heights to realize the carpet
cloak.
from a triangular-shaped object with its base placed on a perfectly conducting metallic
plane. The object has a height of 16 mm, base of 144 mm and thickness of 5 mm (see
Fig. 5.15(a)). The device extends 137 mm by 60 mm around the object and consists
of eight different sections, each with a different refractive index: [1.08, 1.14, 1.01, 1.21].
In order to obtain these values, one layer of dielectric cylinders is placed around the
device at a period of 5 mm while their heights are tuned to the values [1.2, 1.7, 0.1,
2.2] mm, as shown schematically in Fig. 5.15. Each of the eight blocks consists of 7× 6
identical cylinders. Some cylinders have been omitted to fit the structure around the
object, for a total of 280 dielectric particles. In an experimental scenario the cylinders
can be mounted on a thin layer of foam with a refractive index close to 1.
The heights of the cylinders are chosen such that the corresponding effective refractive
index values are obtained, according to the study in previous section, and the effective
refractive index values for each height is plotted in Fig. 5.16. It is obvious that dielectric
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Table 5.2: The effective refractive index values of the dielectric cylinders compared with
the desired parameters
H(mm) required n designed n maximum error
0.1 1.01 1.055 0.13%
1.2 1.08 1.16 1.88%
1.7 1.14 1.19 2.69%
2.2 1.21 1.22 3.47%
cylinders has reached the desired n and are low in frequency dispersion. The actual
refractive index values compared with the desired values are displayed in Table 5.2, and
it can be seen that the maximum error value over the operation frequency band is less
than 4%, which indicate a broadband performance.
The simulation results of the electric field amplitude distribution at an operating
frequency of 5 GHz are shown in Fig. 5.17. A 30 cm wide TM pulse is incident at 45
degrees from the left side of the device. The results when there is no object [Fig. 5.17(a)],
for the bare metallic object on the ground plane [Fig. 5.17(b)], and with the covered
object [Fig. 5.17(c)] are shown. In Fig. 5.17(b), with the presence of the bare triangular-
shaped perturbation, the incident wave is strongly scattered and split into two beams.
In Fig. 5.17(c), the reflected wave is almost the same as the one in Fig. 5.17(a), where
no object is present. So, the device can successfully restore the field that is disturbed
by the bare object. In addition, a detailed electric field distribution near the object and
the structure is shown in Fig. 5.17(d). It is observed that the electric field indeed does
not penetrate inside the dielectric cylinders, and illustrates that the wave perceives each
lattice region as a nearly homogeneous material.
In order to quantitatively evaluate the performance of the device, the angular distri-
bution of the scattered field energy at a half-circle is shown in Fig. 5.18. When the field
scatters off the bare object, two strong sidelobes are observed (black line). However,
when the device made from the dielectric cylinders is placed around the object (red line)
the field pattern of scattering from a ground plane (blue line) is restored. We also notice
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Figure 5.17: Simulation results of the cloaking device at 5 GHz when (a) a plane wave
is incident on the ground plane (b) a plane wave is incident on the metallic
object placed on the ground plane and (c) a plane wave incident on the
object covered with the structure of Fig. 4. (d) Detail field distribution of
the covered object. The black curves indicate the locations where the field
is recorded shown in Fig 5.18.
that the performance of the solid dielectrics (green line) is almost the same as the one
with dielectric cylinders, which demonstrates that the dielectric cylinders work perfectly
as an effectively continuous medium. Similar behavior is observed when the imping-
ing wave frequency is tuned to 10 GHz (dark green line), demonstrating the broadband
capabilities of the device. Beyond 10 GHz the performance of the device deteriorates
because of the frequency dispersion caused by the cylinder’s inherent resonance.
The bandwidth performance of the carpet cloak is also studied, with the simulation
results of the electric field amplitude distribution at the operating frequencies of 4, 6,
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Figure 5.18: Angular distribution of the scattered field energy, as recorded along the
black curves shown in Fig. 5.17.
8 and 10 GHz are shown in Fig. 5.19. The results with the covered object indicate
that the array of cylinders can reduce the scattering from the perturbation and rebuild
the reflection field to plane wave at all these frequencies. The non-resonate property of
dielectric cylinders insured that this cloak is a broadband device.
Next, a device is designed to operate in free space without a ground plane present, by
mirroring the object and the cover symmetrically around its base. For a wave incident
parallel to the long axis of the device, the scattering signature of the metallic object is
expected to be significantly reduced because the wave would perceive the whole structure
as a thin metal sheet [14]. For this reason, this device is only expected to work when
the wave is incident, in this scenario, from the left or right. If a wave was incident from
another angle, the scatering would mimic a flat metal sheet. Therefore, in contrast with
Pendry’s cloak [1], this cloaking device is uni-directional.
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Figure 5.19: Simulation results of the scattering reduction device when (a)a plane wave
incident on the object covered with the array of cylinders at 4 GHz. (b)
a plane wave incident on the object covered with the array of cylinders at
6 GHz. (c) a plane wave incident on the object covered with the array of
cylinders at 8 GHz. (d) a plane wave incident on the object covered with
the array of cylinders at 10 GHz.
The simulation results for this setup are shown in Fig. 5.20, and electric field dis-
tribution at the end of the simulation area, x = 0.18 m, is plotted in Fig. 5.21. The
electric field distribution in Fig. 5.20(a) shows that at 5 GHz, the plane wave splits into
two beams and creates a strong shadow behind the bare diamond-shaped object. In
Fig. 5.20(b), where the cover is placed around the object, it is clear that the device
constructed from dielectric cylinders restores the previously distorted field and greatly
reduces unwanted scattering. The scattering reduction effect is less pronounced com-
pared to the ground-plane case, because for all practical purposes there will always be
some unwanted scattering from the simplified 8-block design of the cover, which in this
setup is enhanced by the sharp front tip of the object. However this can be improved
if less sharp objects are used, or if a more detailed cover is utilized. Ideally, the object
should be transformed into a thin metallic line in two dimensional system. Here, the
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Figure 5.20: Simulation results of the structure embedded in free space at 5 GHz. (a)
Plane wave incident on the bare diamond-shaped metallic object. (b) Plane
wave incident on the object covered with the array of cylinders (c) Plane
wave incident on a metallic line.
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Figure 5.21: Electric field distribution of the scattered field recorded at the end of the
simulation area at 5 GHz.
field distribution in such environment is also simulated and displayed in Fig. 5.20(c),
and it is quite similar to Fig. 5.20(b). The main point of the results presented here is to
demonstrate the effectiveness of using the dielectric cylinder arrays to construct such a
structure.
Now let’s study the bandwidth performance of the free space cloak. The simulation
results of the electric field amplitude distribution at the operating frequency at 4, 6
and 10 GHz are shown in Fig. 5.22. Fig. 5.22(a), (b) and (c) show that at 4 GHz, 6
GHz and 10 GHz, the plane wave will split into two beams leaving a shadow behind the
bare diamond-shaped PEC object, and the shadow is stronger at higher frequencies. In
Fig. 5.22 (d,e,f), there are great reduction of shadow at 4, 6 and 10 Ghz when the cloak
is placed around the object. The electric field distribution at the end of the simulation
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Figure 5.22: Plane wave incident on the bare diamond-shaped metallic object at (a) 4
GHz (c) 6GHz and (e) 10 GHz. Plane wave incident on the object covered
with the array of cylinders at (b) 4 GHz (d) 6 GHz and (f) 10 GHz.
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Figure 5.23: Electric field distribution of the scattered field recorded at the end of the
simulation area at 4, 6, 8 and 10 GHz
area, x = 0.18 m, is sampled and plotted in Fig. 5.23. It can be seen that at 4, 6, 8 and
10 GHz, the free space cloak can successfully enhance the field in the shadow area left
by the PEC object. However, at 8 and 10 GHz, the enhancements are too much and
lead to another perturbation. At 4 and 6 GHz, the cloak can successfully rebuild the
field. The cloaking effect is better at lower frequencies because the device and thin sheet
is electrically small than in high frequencies.
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5.6 Cloak realized by an array of dielectric cylinders with
different densities
5.6.1 Experiment realization of the carpet cloak
As previous sections indicated, it is possible to manipulate the dielectric constant by
changing the dimension of the cylinders, such as the height. But the easier way is to
vary the density of identical discs. The dielectric cylinders studied here are with the
height of 2.2 mm, radius of 1.5 mm and permittivity of 36. They are all placed on a 1
mm thick foam with the dielectric properties close to air. The period in the z direction is
5 mm, the periods in the x and y direction are the same and are presented by parameter
p. As shown in Fig. 5.24, the refractive index value will change according to the density
of the discs. Fig. 5.24 also shows that below 10 GHz, the frequency dispersion of the
dielectric discs matrix medium is very weak, which indicate that the cloak can work in
a broadband frequency range.
In order to obtain the required permittivity map, three layers of dielectric cylinders
are placed around the device. The periods in x and y dierection of the cylinders are the
same and chosen to be [8, 6, 5] mm such that the corresponding effective refractive index
values are obtained. The period in the z direction is fixed to 5 mm with the aid of foam.
Some cylinders have been omitted to fit the structure around the object. The device
follows the symmetry of the triangle. The carpet cloak is thus realized with a matrix of
dielectric cylinders and the photo is shown in Fig. 5.25.
Numerical simulations with HFSS are obtained and the results at 8 GHz are shown
in Fig. 5.26 with the measured results. The simulated energy distribution with the
wave incident on the ground plane is shown in Fig. 5.26 (a), where the field is in an
evenly-distributed standing wave mode in the reflection region. There is a black area in
the middle of the measurement because it is not measured to protect the sample. The
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Figure 5.24: Calculated effective refractive index as a function of frequency for different
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Figure 5.25: A photograph of the carpet cloak made up of DDM.
relative measured result is shown in Fig. 5.26 (b), and it matches quite well with the
simulation result. Fig. 5.26(c) and (d) are the simulated and measured results of the field
distribution with the triangular-shaped perturbation placed in the middle of the ground
plane. It can been observed from both figures that there is a big energy gap in the
reflection region as well as a small gap in the middle part. In Fig. 5.26(e) and (f), with
the effect of the cloak, these two gaps are significantly reduced and the fields are almost
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Figure 5.26: (a) simulated field distribution of ground plane (b) measured field dis-
tribution of ground plane (c) simulated field distribution of ground plane
with the perturbation (d) measured field distribution of ground plane with
the perturbation (e) simulated field distribution of the non-meta cloak (e)
measured field distribution of the non-meta cloak. All at 8 GHz.
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Figure 5.27: measured field distribution of the cloak at (a) 7 GHz and (b) 9 GHz.
the same as the ground plane. So, the cloak can successful conceal the perturbation from
multi-incident angle waves.
More measurement results at 7 GHz and 9 GHz of the perturbation covered by the
dielectric cloak are displayed in Fig. 5.30. The field magnitude at 7 GHz seems weaker
that those at 8 GHz and 9 GHz because it is at the edge of the waveguide’s operating
frequency. The field distribution is not quite even at 9 GHz, because it is close to the
cutoff frequency of the mapper (the height of the scanner is 16 mm). But still, the
shadow by the perturbation is significantly reduced in these two frequencies and the
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Figure 5.28: Simulated angular E field distribution at 9 GHz for (a) perturbation (b)
cloak. Measured angular E field distribution at 9 GHz for (c) perturbation
(d) cloak. Blue dashed line: GND, orange solid line: perturbation, green
solid line: cloak
cloak is still working.
To study the performance of the cloak quantitatively, measured angular distributions
of the cloak and perturbation at 9 GHz shown in Fig. 5.33. Comparing the simulation
results of perturbation and cloak in Fig. 5.33(a,b), the shadow caused by the perturbation
is significantly reduced except around 40 degree. In the experiment, the shadow is also
reduced by the cloak Fig. 5.33(c,d).
The performance of the cloak at 7 GHz as shown in Fig. 5.30 (a) is as good as that
of the ground plane. However, at 8 and 9 GHz, as Fig. 5.26 (f) and Fig. 5.26 (b) show,
there is a slight gap around 100 degree. So, the metamaterials can work better at lower
frequencies than higher frequencies. Also, the angular distribution in Fig. 5.33 shows that
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the dielectric cylinder cloak does not as perfect as the dielectric block cloak, as discussed
in Chapter 3. This is because of the inhomogeneous property. In a three-dimensional
cloak made up of woodpile photonic crystal [10], it is demonstrated that the cloak can
still work when the wavelength is about two times of the rod spacing. However, only
two incident angles are tested, and further more the refractive index value of the bulk
polymer is 2.31, which is much closer to that of air than the dielectric we used in this
work. Here, the period does not reach the effective medium limit, so the diffraction and
inhomogeneity leads to the small gaps at 8 and 9 GHz.
5.7 Quantitative study of the two cloaks
Numerical simulations were performed using the commercial software HFSS. The simu-
lated field distributions at 8 GHz are shown in Fig. 5.29, alongside calculated correlation
coefficients. Previously, a novel dielectric carpet cloak, made up of a number of com-
posite dielectric blocks, was also shown to be efficient in concealing a perturbation on a
ground plane [20]. The performance of the block carpet cloak is displayed and compared
with the DDM cloak presented in this paper. We shall begin with a discussion of the four
field distribution maps. The simulated energy distribution with the wave incident on the
ground plane is in an evenly-distributed standing wave mode in the reflection region. In
the field distribution with the triangular-shaped perturbation placed in the middle of
the ground plane, it can be observed that there is wave scattering from the perturbation
and a shadow is introduced into the field plot. When the foam and DDM cloaks cover
the perturbation, the shadowed areas are significantly reduced. The resulting fields are
almost identical to those in the empty system. Clearly, both cloaks have been success-
ful in reconstructing the waves, for the purpose of concealing the perturbation from
multi-incident angles.
In order to quantitatively analyse the performance of the cloak, and to compare it
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Perturbation DDM Cloak Foam Cloak
Ground 2000
1000
0
Figure 5.29: Simulated results of the ground plane, perturbation, DDM cloak and foam
cloak at 8 GHz. The plot shows the correlation between the ground and
each of the labeled distributions.
to a previously published foam carpet cloak, the correlation coefficient is employed. The
latter is a unitless measure of association and is given by [21]:
ρX,Y =
E(XY )− E(X)E(Y )√
E(X2)− E(X)2
√
E(Y 2)− E(Y )2 , (5.1)
where, X and Y are the variables to be compared, E is the mean value, and ρ is
the correlation coefficient that lies within the range −1 > ρ > 1. In this case, X is the
ground plane distribution and Y is the distribution of the perturbation, DDM cloak or
foam cloak.
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The simulated field distribution of the ground, perturbation, foam cloak and DDM
cloak are sampled to give a data set the same size and orientation as the measured data
(51,400). For each fraction of a degree, 51 samples are taken along the radius, with a step
of 5 mm. The data from both cloaks and the perturbation are then compared against the
data from the ground plane to calculate the values of ρ. In this way, ρ is calculated at
each angle from 0 to 180 degrees, and is plotted in Fig. 5.29. In the figure, it can be seen
that the correlation of all three simulations are very high between 0 and 90 degrees, in the
incident region. This is to be expected as this region is where the source is located (42◦)
and is not heavily influenced by reflections. In the reflection region, the shadow caused
by the perturbation is clear, and is illustrated by the large dip in correlation, centred
around 130◦. For the DDM cloak, this shadow has been significantly reduced, and even
more so in the case of the foam cloak. There are, however, two further reductions in the
correlation of both cloaks at around 170◦ and 175◦ that were not present in the case of
the perturbation. These can be attributed to the lateral shift as discussed previously
[22]. This will be explained later, together with the experimental results.
The respective measured result is shown in Fig. 5.30, with the four sets of field dis-
tributions in good agreement with the simulated results. The three correlation curves
show, in general, the same tendencies as the simulated results. The most significant
cloaking effect occurs between 120◦ and 140◦, where the shadow caused by the pertur-
bation is reduced. However, between 100◦ and 120◦ the performance of both cloaks is
poor, as neither cloak manages to reconstruct the fields. Above 140◦ the lateral shift
and other factors cause the correlation to drop sharply. It can be argued that the very
high angles will not contribute to the far field and, therefore, this drop in performance is
less likely to be detected by radar. In the measurement, the lateral shift is more severe
than in the simulation, which might because in the experiment, there are gaps between
the dielectric blocks for the foam cloak, and the alignment in the DDM is not as perfect
as the simulation, which will both decrease the performance of the cloak and lead to an
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Perturbation DDM Cloak Foam Cloak
Ground
Figure 5.30: Measured results of the ground plane, perturbation, DDM cloak and foam
cloak at 8 GHz. The plot shows the correlation between the ground and
each of the labeled distributions.
increase in the errors.
Lateral shift is an effect caused by the approximations taken in arriving at the per-
mittivity map for the carpet cloak, including neglecting the anisotropy [22]. As shown
in Fig. 5.31, when the perfect anisotropic cloak is replaced by an isotropic cloak, the
distance between the incident point and the emitting point will be changed, and this will
lead to the lateral shift.
In order to examine the lateral shift induced by the cloaks, the amplitude of the fields
of all four systems are plotted in Fig. 5.32 as a function of angle, for both the simulated
and measured results. In the incident region (not pictured) all four curves are in good
agreement. Fig. 5.32 shows the field distribution for a fixed radius of r=19 cm above
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(a)
(b)
(c)
Figure 5.31: Ray tracing diagrams of a ray with incident angle of θi to (a) A PEC ground
plane in free space (b) A perfect anisotropic cloak between z = 0 and z = δd
(c) Replace the anisotropic cloak with isotropic medium. [22]
120 130 140 150 160 170 180
−30
−20
−10
0
A
m
pl
itu
de
 θ  (degrees)
120 130 140 150 160 170 180
−30
−20
−10
0
A
m
pl
itu
de
 
 
GND
bump
cloak
DDM
(a)
(b)
Figure 5.32: Field distribution on a half circle with r=19 mm from (a) simulation, (b)
experiment.
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Figure 5.33: The simulated average ρ between the ground and each of the labeled from
2 to 13 GHz .
120◦. From these plots, it can be seen that the curves for both of the cloaks have the
peak shifted with respect to the ground plane curve, particularly in the measured data.
This is the influence of lateral shift, and is the cause of the dips in correlation of the
cloaks, at high angles, in Figs. 5.29 and 5.30. The negative values of the correlation
are due to the fact that the lateral shift causes the field amplitude to have a negative
gradient for the cloaks, and a positive gradient for the ground.
Another factor to consider when analyzing the performance of the cloaks is the oper-
ational bandwidth. Fig. 5.33 is a plot of the average correlation of each system over
the entire space plotted against a frequency band of 2 to 13 GHz. The general trend
is for the correlation of all of the systems to reduce as the frequency increases. This is
because the electrical size of the perturbation is increasing. It can be seen that while the
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performance of the two cloaks is comparable up to 5 GHz, it is the foam cloak that is
able to reconstruct the field distribution to a higher degree, at higher frequencies. This
is because the dielectric cylinder matrix has an effective permittivity that varies more
strongly across this frequency band than the loaded foam.
The bandwidth of the DDM cloak with different densities here are narrower than the
study in section 5.5 with different height. The reason is that in the section 5.5, plane
wave is used as excitation , while in this section, a quasi-cylindrical wave scenario is used
to test the multiple-incident angle performance of the carpet cloak.
5.8 Conclusion
Using the principles of transformation optics, a broadband all-dielectric cloaking device
made of polyurethane/BaTiO3 foam was designed, fabricated and tested for operation
at microwave frequencies first. The principal advantage of this cloak is that it does not
require small-scale substructuring, but is instead made of blocks of polyurethane/BaTiO3
foam composites. Hence, the resulting structure is both low loss and easily fabricated
in bulk. Two kinds of all-dielectric carpet cloak have also been designed with periodic
array of dielectric cylinders, and the design with different cylinder densities is fabricated
and tested experimentally.
The performance of the two cloaks were quantitatively analysed using both simulated
and measured results, and finally some comments on bandwidth limitations are given.
Furthermore, due to the random nature and inherently small correlation lengths of the
polyurethane/BaTiO3 foam composites, unwanted scattering from the structure of the
material is reduced, and effective media approximations for graded dielectrics that are
necessary in other approaches (e.g. cylinders or split-ring resonators that are of the order
of about λ/10) are not required. However, although the dielectric disk matrix approach
is limited in bandwidth, it is very versatile in terms of achieving a range of permittivities,
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and simple to fabricate. Only the period of the disks needs to be altered to change the
characteristics of the device, whereas for the loaded foams, each permittivity requirement
means a different weight percentage of loaded particles, and therefore fabrication of a
new material. An even dispersion of the particles is also difficult to control, resulting in
a large amount of wasted material. Therefore, both cloaks have drawbacks, and these
points should be taken into consideration when choosing which technique to implement.
The proposed DDM structure could be fabricated at large scales using low-temperature
co-fired ceramics (LTCC) or other techniques [23]. We also note that no truly 3D, perfect
electromagnetic cloak has been realized. However, the technique we have presented may
be used to produce the 3D cloak in [24]. Dielectric cylinders of gradually varying spac-
ing might also be considered in the design together with certain numerical-optimization
methods.
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Chapter 6
Super Transmission Through a
Sub-wavelength Aperture
Based on the coordinate transformation techniques describe in Chapter 2, a simplified all-
dielectric extraordinary-transmission (ET) device for broadband transmission through
a sub-wavelength aperture is verified experimentally in this chapter. Extraordinary
transmission is the term used to describe a phenomenon in which electromagnetic or
optical waves propagate through an aperture whose size is a fraction of a wavelength.
The device is made from isotropic dielectric blocks with permittivity values ranging
from 2.1 to 6. It is shown both numerically and experimentally that the device can
provide transmission with a -3 dB bandwidth of more than 1 GHz, in a region which
would otherwise be a stop band caused by the sub-wavelength aperture in an X-band
waveguide. Simulation results demonstrate that the device can also work in free space.
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(c)
(d)
(a)
(b)
Figure 6.1: (a) A standard dielectric with n > 1 cover over an aperture where the rays
are refracted away from the central point.
(b) A metamaterial slab with refractive index very close to zero cover over
the aperture and the rays are refracted in a direction close to the normal.
(c) Experimental setup for electromagnetic tunneling through an epsilon-
near-zero (ENZ) Metamaterial. Lower figure is the sample inside chamber.
(d) Poynting vector distribution in the ENZ tunneling, revealing the squeez-
ing of the waves through the narrow channel.[1, 2]
6.1 Introduction
Chapter 6. Super Transmission Through a Sub-wavelength Aperture 130
In recent times, there have been intensive studies on different technologies for guiding
electromagnetic waves through sub-wavelength apertures, channels or waveguides. Sur-
face plasmon polaritons (SPPs) have been used to realize extraordinary optical transmis-
sion (EOT) of light through periodically perforated metal screens, as well as the squeezing
of visible light waves into nanometer-sized optical cavities [3, 4]. Similar phenomenon
has been experimentally verified at microwave frequencies in a closed waveguide loaded
with an electrically small diaphragm, and explained the physical behaviour using wave
impedance matching concepts [5]. With the development of metamaterials, it was found
that when a subwavelength aperture was covered by a slab with refractive index very
close to zero, then according to the Snell-Decartes laws, the rays should be refracted in
a direction close to the normal and to enhance transmission through a subwavelength
aperture [1, 6] as shown in Fig. 6.1(a,b). This concept has been verified experimentally
with split-ring-resonator (SRR)[7]. ε-near zero (ENZ) materials have also been shown,
both analytically and experimentally, to tunnel electromagnetic energy through sub-
wavelength channels [2, 8, 9]. The basic theory of tunneling with ENZ is that when the
cross-sectional area, or more generally when at least one of the physical dimension of the
channel connecting two waveguide is electrically small, tunneling electromagnetic energy
through the narrow channels is possible using ENZ materials, as shown in Fig. 6.1(c,d).
For the enhanced transmission through a subwavelength aperture with ENZ, the basic
theory is that the rays from one point are refracted in a direction close to the nor-
mal when passing through a boundary between the ENZ slab and air. However ENZ
materials, refractive index near zero material and EOT are all in general narrow band,
significantly diminishing their applicability.
Recently, the method of coordinate transformation has been demonstrated as a useful
approach to control the traveling route of electromagnetic waves [11–13] by employing
a virtual distorted coordinate system to direct a wave as required. This has opened
up the development of devices such as waveguide tapers [10, 14] with properties which
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(a)
(b)
Figure 6.2: (a) Components of the permittivity and permeability tensors θ for the waveg-
uide taper based on coordinate transformation.
(b) Normalized E-field distribution for TE polarization in the waveguide
taper. [10]
would otherwise be difficult to obtain using conventional methods. For example, with the
designed permittivity and permeability tensors shown in Fig. 6.2(a), where ǫ = θǫ0, µ =
θµ0, waveguide taper with normalized E-field distribution for TE polarization shown in
Fig. 6.2(b) is possible. However, in Refs. [10, 14], the proposed devices required that
both the permittivity and permeability values are tensors , which has thus far limited
the possibility of their physical realization.
In this chapter, we intend to experimentally verify the super transmission device
proposed in [15] with an all-dielectric device which is made up of only a few blocks. The
device is realized using commercially available nonmagnetic materials, with the relative
permeability µr is equal to unity, while the relative permittivities εr range from 2.1 to 6.
The fundamental mode in an X-band waveguide (with cross section 22.86 × 10.16mm2)
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is the TE10 mode, which consists of only Hx, Hy and Ez components, in line with the
environment of operation stated in [15]. Both numerical simulation and measurement
results reveal that the device can, indeed, enhance broadband wave transmission through
a subwavelength aperture in the waveguide. Verification that the device works in free
space is illustrated with simulation results.
6.2 The scheme to enhance the transmission
In a piece of theoretical work carried out by colleagues [15], coordinate transformation
techniques are applied to produce an all-dielectric device, which guides electromagnetic
waves from a virtually large aperture into a subwavelength physical aperture. Numerical
simulations demonstrate that the device can effectively increase the transmission energy
in a broad band. Furthermore, when the device is mirrored to the other side of the metal-
lic sheet, the transmitted electromagnetic wave will travel through a second distorted
space, which leads to more enhancement in the transmitted energy. Fig. 6.3(a) shows a
space in Cartesian coordinates. When a plane wave travels into the space from the top,
the wave vector k is in the direction towards the bottom along y axis, as illustrated with
green arrows. For a perfect electric conductor (PEC) with a 0.2λ0 (λ0 the wavelength
in free space) wide slit, most incident energy is reflected and little energy could pass
through the slit. When the aperture of the slit is enlarged to, for instance, 1.6λ0, the
transmitted energy increases significantly. As shown in Fig. 6.3(b), a distorted space is
designed, where the wave is bent toward the slit along the curvature of a nonorthogonal
grid and the energy is guided from an electrically-large aperture 1.6λ0, in a virtual space
to an electrically-small slit 0.2λ0 in a large metallic sheet.
A discrete coordinate transformation is applied to design the background material
required for the channelling. As discussed in Chapter 2, in the two dimensional case
with Hx, Hy and Ez components, one can optimize the structured grid to ensure that
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Figure 6.3: (a) The space in the Cartesian coordinates.
(b) The space in the virtual distorted coordinates.
(c) The equivalent relative permittivity map of the distorted space. The
green line outlines the profile of the ET device.
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the majority of the mesh is quasiorthogonal, therefore, only the dielectric materials with
gradient indexes are required in the z direction [16]. The relative permittivity (εr) map
is given in Fig. 6.3(c). Relative permittivity is very close to unity in most parts of the
distorted space, which means most of the background material could be considered as
air and dielectrics with varying εr are mainly required in the central area surrounding
the slit illustrated by the green box.
6.3 Design of the ET Device
The relative permittivity is very close to unity in most parts of the distorted space in
Fig. 6.3(c), so dielectric blocks with varying εr are only applied in close proximity to
the slit as shown in Fig. 6.4(a) to act as an ET device. The dielectric map used in
Fig. 6.3(b) is aimed for ultra wide band operation, and the dimensions of the dielectric
blocks are on the order of around 3 mm, which is capable of broadband ET up to 50
GHz. In this work, we adopt an engineering approach similar to that used in the design
of a quasi cloak [17]. For an operating frequency of 8 GHz, a simple device with four
dielectric blocks are designed by combining neighboring blocks with close permittivity
values. The simplified devices is shown in Fig. 6.4(b) with permittivity values ranging
from 2.1 to 6. A number of methods have been suggested for the attainment of the
requisite material properties. Traditional resonance-based metamaterials, such as split-
ring resonators (SRR) and electric inductive-capacitive (ELC) resonators [18, 19] may be
used to realize permittivity values in this range, however they are narrow band and high
loss. Non-resonance-based metamaterials such as I-shaped structure [20] are broadband,
but it is difficult for them to achieve a high value of permittivity. However, there are
commercially available ceramics and other dielectric materials that are extremely low
loss, and of course have very constant permittivities at these frequencies.
The mirrored devices are fabricated from these dielectric materials as shown in
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(a) (b)
Figure 6.4: (a) The relative permittivity map of the high-resolution ET device.
(b) The relative permittivity map of the simplified ET device
Fig. 6.5(a), to squeeze the wave in and guide it out for better transmission. Since
the neighbouring part of the two pieces have the same permittivity value, they are com-
bined to one piece in the experiment to eliminate the airgaps, and, to ensure better
performance. The four blocks marked [1, 2, 3, 4] in the photo are made from Teflon,
ECCOSTOCK r HIK 500F with ǫ = 3, ROGERS TMM4 and ECCOSTOCK r HIK
500F with ǫ = 6, with the permittivity values of [2.1, 3, 4.5, 6] and the dimensions of
[20× 15, 15× 8, 10× 8, 8× 7] mm2 respectively. A plot of the relative ǫ values for each
block against the block ID is shown in Fig. 6.5(b). In [14], the authors suggest that it is
impossible to achieve the tunneling effect by simply inserting high-permittivity medium
because the non-matched impedance. Here, our design has permittivity values varying
from 2.1 to 6, and then gradually back to 6, effectively acting as an impedance match.
6.4 Measurement of the ET Device
A piece of copper plate with an aperture sized 10.16×8×0.25mm3, as shown in Fig. 6.6(a),
is also fabricated to insert between two waveguides in order to introduce the aperture.
The entire scheme including the device and the aperture in the waveguide is shown in
Fig. 6.6(b), where the two yellow sheets in the middle are part of the metallic plate
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Figure 6.5: (a) A photograph of the proposed ET device. The four blocks
marked [1, 2, 3, 4] in the photo are made from Teflon, ECCOS-
TOCK r HIK 500F with K = 3, ROGERS TMM4 and ECCOS-
TOCK r HIK 500F with K = 6, with the permittivity values of
[2.1, 3, 4.5, 6] and the dimensions of [20× 15, 15× 8, 10× 8, 8× 7]
mm2 respectively.
(b) A plot of the ǫ values for each blocks.
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(a)
(b)
Figure 6.6: (a) Metallic plate with a subwavelength aperture used in the experiement.
The aperture has dimensions of 10.16 × 8× 0.25mm3.
(b) The configuration of the ET device (blue and red blocks) and its arrange-
ment in the waveguide (grey area). The two yellow sheets in the middle are
part of the metallic plate to introduce the aperture.
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Figure 6.7: The measured and simulated results for subwavelength transmission
and ET devices.
to introduce the aperture. In the experiment, an Agilent PNA5230C network analyzer
has been employed to measure the scattering (S) parameters of the aperture alone, and
the aperture with the ET device in a rectangular waveguide. The TRL (Thru-Reflect-
Line) calibration method has been applied for the calibration. Low reflection coaxial to
rectangular waveguide transitions have been used to avoid reflection. Two waveguides
are connected in order to hold the metal plate between them. Subsequently, the device
is placed on either side of the aperture. Some blocks of foam with the permittivity value
close to unity are also placed within the waveguide for support.
The transmission coefficients in these two cases are measured and plotted in Fig. 6.7
together with numerical simulation results by HFSS and they are in good agreement,
with the mean error of 0.2 dB for ET devices and 1.1 dB for aperture only. The error
might be introduced by the gap between the metallic plate, dielectric blocks and the
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waveguide, which is not included in the simulation due to the difficulty in identifying the
exact dimension of the gap. Fig. 6.7 shows that when there is an aperture of width 8 mm,
the transmission is lower than -10 dB. With the device placed by the two sides of the
aperture, the transmission is enhanced by about 10 dB with the -3 dB bandwidth from
7.7 to 8.8 GHz in the experiment. Simulation results suggest that the high resolution
devices with the block dimension of about 3 mm has more than -3 dB transmission in
the whole X-band beyond 7.7 GHz as shown in Fig. 6.7. The bandwidth reduction in
the simplified ET device is due to the fact that at higher frequencies the wavelength is
smaller and becomes comparable to the dimension of each block. Better performance
and increased frequency bandwidth can be achieved by increase the complexity of the
structure with a greater number of different permittivity values, and by decreasing the
size of each of the blocks.
The idea of the simplified ET device is also extended to dielectric blocks with all
the same width of the waveguide (WG), 10.16 mm. Simulated transmission coefficient
of the modified device is also shown in Fig. 6.7. The bandwidth of this device is from
7.6 to 8.5 GHz, while the simulated bandwidth of the ET device is from 7.7 to 9 GHz.
The modified device introduces extra dielectric loading, and hence leads to the frequency
shift. Its bandwidth reduction further validate effectiveness of the ET device.
The magnitude of the electric field distributions for the different cases have been
simulated at 8 GHz using HFSS, and are shown in Fig. 6.8, with the wave incident from
the left. In the empty waveguide, the wave can propagate evenly from left to right as
shown in Fig. 6.8(a). However in Fig. 6.8(b), when there is an 8 mm wide aperture in the
middle of the waveguide, a standing wave is created by reflections off of the aperture,
and transmission through the aperture is low. In Fig. 6.8(c), it is obvious that with
the ET device enclosing both sides of the aperture, the electric field can be squeezed in
and guided out from the aperture and can propagate in a similar manner as it would in
an empty waveguide. The magnitude and phase of the electric field are both restored
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Figure 6.8: The magnitude of electric field distribution from simulation at 8
GHz in
(a) an empty waveguide,
(b) a waveguide loaded with an aperture,
(c) a waveguide loaded with an aperture and an ET device,
(d) a waveguide loaded with an aperture and a modified ET device
with WG width. The wave is incident from the left.
by the ET device. In Fig. 6.8(d), with the modified device, the field can also transmit
through the aperture. The resulting structure is similar to that of traditional waveguide
impedance-matching techniques [21], although the coordinate transformation approach
used in achieving the design is different, and allows far more flexibility that can be
applied to a variety of different structures and applications.
6.5 The performance of the ET device in free space
Since the simplified ET device has been demonstrated both numerically and experimen-
tally in the X band waveguide, now its performance in free space will be verified from
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x
y
Figure 6.9: The magnitude of electric field distribution from simulation at 8
GHz of The incident plane wave illuminates a PEC plate with
(a) an 8 mm wide aperture.
(b) a 60 mm wide aperture.
(c) one ET device above the 8 mm wide aperture.
(d) a pair of the ET devices at both sides of the 8 mm wide aperture.
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numerical simulation results based on HFSS. The magnitude of the electric field dis-
tributions for the different cases at 8 GHz are shown in Fig. 6.9, with the plane wave
incident from the top. PMLs are added to the left and right sides of the simulation
domain so that waves do not reflect at the interface. In the z-direction, the boundary
condition is set to be PerfectE to realize a plane wave with E-polization. In Fig. 6.9
(a), when the plane wave illuminates a PEC plate with a 8 mm (0.21 λ0) wide aperture,
an extremely low field intensity is transmitted through the aperture, to the other side
of the plate. When the aperture is enlarged to 60 mm (1.6λ0), the transmitted energy
through the aperture increases significantly as shown in Fig. 6.9 (b). When one of the
ET device is placed in over the 8 mm aperture, a significant enhancement of the field is
observed on the other side of the PEC plate as shown in Fig. 6.9 (c). However, due to
the impedance mismatch, some of the energy guided towards the aperture is reflected
at the air boundary. This problem can be overcome by placing a mirror image of the
device on the other side of the aperture to act as an impedance matching system. This
is illustrated in Fig. 6.9 (d), where a pair of the ET devices are placed by both sides
of the aperture; in this case, a higher degree of field transmission is observed since the
wave will travel through a second distorted space.
In order to study the transmission enhancement performance of the ET devices quan-
titatively, the radiation patterns recorded at the semicircle 3λ0 away from the center of
the aperture in the negative y half plane are plotted in Fig. 6.10. The amplitude increases
remarkably when the ET device or mirrored ET devices is put around the aperture.
Compared to the maximum amplitude with only the 8 mm aperture, the amplification
at θ = 90 degree is 3.25 for one ET device and 7.27 for the mirrored devices, which match
the results in [15]. The E field is weaker than that with a 60 mm aperture, which is
because the device only contains the central part of the permittivity map of the distorted
space and the conformality in the distorted space is not guaranteed.
The bandwidth performance of the device in free space is also studied and plotted in
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Figure 6.10: The radiation pattern recorded at the semicircle 3λ0 away from
the center of the aperture.
Fig. 6.11. The amplitude of the electric field at the line 112 mm (3λ0) away from the PEC
plate is added up and normalized at each frequency by that of the transmitted electric
field through the sub-wavelength aperture. Once the proposed device or mirrored devices
are applied, the amplification is remarkable from 7 to 9 GHz. Fig. 6.11 shows that at
the central frequency, the performance of the double simplified device is comparable to
that of the high resolution counterport. However the bandwidth of operation has been
significantly reduced. Therefore, the tradeoff between bandwidth and the ease with
which the device can be fabricated need to be carefully considered.
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Figure 6.11: The bandwidth performance of the ET device. Amplification at
the line 112 mm (3λ0) away from the PEC plate. The amplitude
of the electric field is added up and normalized at each frequency
by that of the transmitted electric field through the sub-wavelength
aperture.
6.6 Conclusion
In this chapter, a wideband extraordinary transmission device is designed and fabricated
based on coordinate transformation. The device is made up of four different commercially
available materials with the permittivity value ranges from 2.1 to 6 and can provide
transmission through electrically small aperture from 7.7 to 8.8 GHz. The performance
of the device in an X-band waveguide is demonstrated in both simulation and experiment
and the two results are in good agreement. Simulation results also prove that the device
can work in free space. More complex devices can be designed using these coordinate
transformation techniques to work at other frequency bands. The device has potential
application in both free space and periodic arrays.
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Chapter 7
Conclusions and Future Work
7.1 Conclusions
Many of the current transformation optics designs focus upon perfect rerouting of the
electromagnetic energy, and therefore do not pay enough attention to the resultant mate-
rial requirements. This means that the required material properties often involve spa-
tially dependant ǫ and µ which can be anisotropic, with off-diagonal elements and may
require sub-unity values. These would be practically impossible to fabricate. However, as
this work shows, if consideration is given to the transformation chosen, and some approx-
imations are made, then the material requirements can be achieved with very low-tech
and currently available dielectrics. Therefore, this work serves as an aid to bridge the
gap between TO as purely a theoretical physicists tool, to an engineering design tool.
The research work presented in this thesis provides a method for the designing, physical
realization and characterization of optical transformation devices with gradient index
materials and other artificial materials.
The design of an all dielectric optical transformation device, a carpet cloak, was
demonstrated in Chapter 2 based on the discrete coordinate transformation together
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with the quantitatively study of the orthogonality and isotropy factors.
In Chapter 3, one kind of gradient index material, a dielectric cylinder matrix,
was numerically analyzed with two different methods: Fast Fourier transform (FFT)
and S-parameter retrieval, and in Chapter 4, both a dielectric cylinder matrix and
BaTiO3-loaded polyurethane foam were measured. It was found that both materials
could effectively work as low-loss and broadband gradient index materials for the design
of optical transformation devices.
Based on these studies, carpet cloaks were designed in Chapter 5 utilizing these
two materials. The designs were verified through both simulation and experiment at
microwave frequencies, and the performance was quantitatively studied.
The final application of the design methodology, a simplified all-dielectric extraordinary-
transmission (ET) device for broadband transmission through a sub-wavelength aper-
ture, was verified experimentally in Chapter 6. The device was made from isotropic
dielectric blocks which are commercially available. It was shown, both numerically and
experimentally, that the device could provide transmission with a -3 dB bandwidth of
more than 1 GHz, in a region which would otherwise be a stop band caused by the
sub-wavelength aperture in an X-band waveguide.
7.2 Future work
Optical transformation can manipulate the path of electromagnetic waves by building a
bridge between the electromagnetic functionality of the device and the electromagnetic
properties of the medium. By linking mathematics, physics and engineering, intensive
work has been dedicated to the theoretical study, and experimental demonstration of a
range of optical transformation devices, and in particular to the various types of cloaking
devices. In the designed OT devices, the dielectric maps can be down-sampled to achieve
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low-resolution maps with very few different dielectric permittivity values. Although this
process reduces the performance slightly, the advantage is that the fabrication is much
simpler for practical applications, while still providing good performance over a large
range of frequencies.
Following the research described in this work, interesting directions for potential
future work include:
• The procedure presented in this work may be applied to the development of a range
of other transformation optics-based devices. Some optical transformation devices,
such as beam expanders [1] and rotators [2], require extreme material properties
(less than one), which admittedly may not be realized with the method presented
in this paper. However, for many other transformation devices, where no extreme
electromagnetic wave behaviour is required, there may only be a small spatial region
with dispersive values (less than unity). It has been shown that it will not affect
performance significantly if these areas are replaced by air [3, 4]. Furthermore,
for certain structures only (approximately) isotropic material parameters may be
required, subject to the selection of a proper grid. In this way, it is possible to
build optical transformation devices such as planar lens antenna [3, 5, 6] using the
technique presented in this work.
• A broadband and stable active metamaterials structure has been proved to possible
with relatively low dispersion and negative or close to zero permeability values [7].
Active elements can also be included in the design and construction of OT devices
to achieve broadband and novel performances by making up the losses and extreme
material properties (less than one), and many novel possibilities could be achieved
by combining OT and active metamaterials.
• To optimize the performance of OT devices. Numerical-optimization methods, such
as genetic algorithms (GA), can been applied to different steps in the design, such as
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mesh generating, permittivity and permeability map sampling and simplification,
and the design of the OT materials, such as metamaterials. GA has been used
widely in electromagnetics to optimize antenna patterns, backscattering radar-
cross-section (RCS) patterns and metamaterial structure [8–10]. Together with
efficient numerical simulation techniques, GA can been applied to the design of
OT devices and metamaterial structure to reach the desired performance.
• There have been increasing interest in the terahertz gap (0.1 - 10 THz), which
contains 90% of the energy in the universe but have only been able to be studied
very recently [11]. The resolution of the permittivity and permeability maps in the
OT devices can be increased to operate at higher frequencies.
• To verify the proposed carpet cloak in three dimensions, simulation and experiment
would be another big step towards real application [12]. By rotating the two
dimension cloak around the vertical axis, a three dimension ground-plane cloak
can be constructed. A free space measurement setup would be necessary to test
the performance.
• In this work, low loss materials are always chosen for broadband performance.
However, structures with carefully designed loss can also be useful in the design of
some particular OT devices, such as black hole [13] and solar cell.
• To design OT devices from common geological and other natural materials, such
as sand, snow, wood, and so on. There are many different values for relative
permittivity of natural materials as shown in Tab. 7.1. Required materials of
permittivity values can be obtained by mixing some of them together. And in this
case, mixing formulas are necessary to study the properties of the mixtures [14, 15].
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Table 7.1: Typical relative dielectric permittivities (RDPs) of common geological mate-
rials [16]
Material Relative permittivity
Air 1
Dry sand 3-5
Dry silt 3-30
Ice 3-4
Asphalt 3-5
Volcanic ash/pumice 4-7
Limestone 4-8
Granite 4-6
Permafrost 4-5
Coal 4-5
Shale 5-15
Clay 5-40
Concrete 6
Saturated silt 10-40
Dry sandy coastal land 10
Average organic-rich surface soil 12
Marsh or forested land 12
Organic rich agricultural land 15
Saturated sand 20-30
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Appendix A
BaTiO3-loaded Polyurethane
Foam Preparation
Nano BaTiO3 powder was used in fabrication of the composites (product No. 5622-ON2
Inframat Advanced Materials LLC, USA, 99.95%, electronic grade, average particle size
200nm). Its theoretical density is 6.02 × 103kgm−3. The particles are nearly spherical.
Before mixture into the PU, the powder was ground to break agglomerations. Uniform
and small sizes of powders improved dispersion behaviour of the barium titanate particles
in the mixture when the composites were manufactured. The particles were presented as
microparticles with smaller agglomerated particles. Except for the agglomerated small
particles, discrete larger particles were observed without agglomeration.
One of the most attractive features of PU to our application is that it can be produced
in the form of foam; a gas produced in the process causes bubbles within the polymer.
This will reduce the effective permittivity of the mixture, while decreasing weight. Fur-
thermore, it exhibits low dielectric loss. Polyurethane foam liquid is a two part mix
(Scott Bader Company Limited, England; part 1: resin, batch N0 FIN 091001067; part
2: Batch N0 RAW0209034900C). Part 2 contains Diphenylmethane Di-isocyanate, Iso-
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Figure 1.1: The fabrication procedure for the BT/PU composite
mers & Homologues. The chemicals were used as-received without further treatment.
The density of pure PU is 1.1× 103kgm3.
In order to fabricate the foam mixture, the ceramic particles must be mixed thor-
oughly with the two parts of polyurethane. This should be done such that when the
porous polymer composites are produced, the particle dispersion in the composite should
ideally be uniform. Firstly, equal amounts of PU components part 1 and part 2 were
placed into two separate small plastic containers, with the use of a pipette and weighing
scale. Predetermined amounts of the ceramic (BaTiO3) powders were equally divided
into the two PU liquid parts in order to obtain better ceramic particle dispersion in the
mixtures. Secondly, the two mixtures were then stirred thoroughly with a metal stirrer
into suspensions. The plastic containers with the suspensions were put into an ultrasonic
bath for half an hour to obtain better ceramic particle dispersion. Then, the two pre-
mixed suspensions were poured together to be mixed. The mixture must be performed
as thoroughly as possible, and in as short a time as possible before pouring into a mould
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Figure 1.2: photo of the aluminium frame mould
for curing. Within a few hours, the mixture solidified and the composite was removed
from the mould. The fabrication procedure for the BT/PU composite is illustrated in
Fig. 1.1.
We also note that there is a critical volume of BT particles that can be mixed with a
volume of PU liquid. In this case, the maximum BT volume percentage of the composite
is about 1.23% (which we measured to give a relative permittivity of 1.32 at 15 MHz).
In order to achieve a broad range of permittivity values, much higher BT content in
the composite is needed. A restriction method is introduced to increase the BT content
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during fabrication. The composite expansion is restricted during the foaming stage so
that air volume, and in effect porosity of the composite decreases. Meanwhile, the BT
volume fraction increases while quantities of BT and PU used remain unchanged. This
allows the development of higher density composites with the same amount of material.
In other words, much higher BT content in the composite can be attained for the same
volume. Crucially, this will result in much higher dielectric constants, and consequently, a
much broad range of permittivities can be achieved. An aluminium frame was developed
to facilitate this method. A picture of the frame with a mould is shown in Fig. 1.2. The
bottom plate is the substrate, the middle one is used to hold the mould and the top
plate is fixed with a refitted micrometer. By adjusting the micrometer, a pre-determined
expansion volume is obtained precisely. Due to the inherent expansionary nature of the
PU foam, the expanded volume of the composite can only be reduced by around one
third of the original volume by the restriction method.
